Filamentous bulking amelioration by chemical process control and interceptor management by Conner, David Boone
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2004 
Filamentous bulking amelioration by chemical process control 
and interceptor management 
David Boone Conner 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Conner, David Boone, "Filamentous bulking amelioration by chemical process control and interceptor 
management" (2004). Retrospective Theses and Dissertations. 20391. 
https://lib.dr.iastate.edu/rtd/20391 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Filamentous bulking amelioration by chemical process control and 
interceptor management 
by 
David Boone Conner 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Civil Engineering (Environmental Engineering) 
Program of Study Committee: 
J(Hans) van Leeuwen, Major Professor 
Shihwu Sung 
Howard VanAuken 
Iowa State University 
Ames, IA 
2004 
Copyright© David Boone Conner, 2004. All rights reserved. 
Graduate College 
Iowa State University 
This is to certify that the master's thesis of 
David Boone Conner 
has met the requirements of Iowa State University 
Signatures have been redacted for privacy 
-------~ 
11 
DEDICATION 
Dedicated to our Lord Jesus with sincere gratitude for the many wonderful blessings, 
family and friends, and opportunities he has given to me. 
Dedicated with Love to Mom and Dad. Thank you, for everything. 
- David 
111 
lV 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS v 
ABSTRACT v1 
CHAPTER 1. GENERAL INTRODUCTION 1 
CHAPTER 2. IMPROVING ACTIVATED SLUDGE SETTLEABILITY, 4 
DEWATERING, AND BIOMASS RECOVERY IN A PASTA WASTEWATER 
TREATMENT PLANT 
CHAPTER 3: INVESTIGATION OF CONTROL MEASURES FOR 31 
ANAEROBIC CONDITIONS IN THE SIOUX CITY WASTEWATER 
COLLECTION SYSTEM 
CHAPTER 4. GENERAL CONCLUSIONS 157 
v 
ACKNOWLEDGEMENTS 
The author would like to thank the following for their support, guidance, and instruction 
in studies and research: 
Warren Frozen Foods (Now Rheems Foods) of Altoona, IA 
City of Sioux City, IA 
Department of Civil, Construction, & Environmental Engineering, 
Iowa State University, Ames, IA 
Program of Study Committee: 
Dr. J(Hans) van Leeuwen (Major Professor) 
Dr. Shihwu Sung 
Dr. Howard VanAuken 
Vl 
ABSTRACT 
This thesis investigates the problems and solutions associated with filamentous 
bulking at an industrial wastewater treatment plant (wwtp) and at a municipal one. The 
industrial plant produces a wastewater stream from manufacturing pasta. It has a wwtp 
comprised of two parallel aerobic activated sludge treatment systems with sizes of 52,834 
and 105,669 gpd (0.2 and 0.4 ML/d). Solutions are investigated for the biomass bulking, 
and its accompanying foaming, poor settleability, and thickening difficulties. Methods of 
improving dewatering and ultimate sludge disposal are also studied. Bypassing an 
ammonia blowdown stream around the wwtp and dosing chlorine helps to significantly 
reduce filamentous bulking and enhance settleability at the wwtp. Chlorine dosing 1-4 g 
Cl/kg biomass/dis found to improve settling in the two parallel systems by 87% and 72%. 
This study also shows that a 1-5 g/L of oak sawdust could be used successfully as a 
ballast to improve settleability by about 70%. 
The 30 mgd (113.6 ML/d) municipal wwtp receives wastewater from a collection 
system that conveys it from municipal sources and industrial sources that are farther 
downstream and closer to the wwtp. As did the parallel system, this municipal wwtp also 
suffered from filamentous bulking due to volatile fatty acids flowing into it from 
anaerobic biological activity upstream in the main inflow interceptor to the wwtp. 
Solutions to remedy and prevent this anaerobic activity include redox potential 
improvement, selective disinfection, pH control and sewer cleaning, and chemical 
precipitation and odor control. Of these possible solutions, the most attractive options in 
descending order are found to be passive flushing for cleaning the interceptor, air 
cleaning the interceptor, air injection to improve redox potential, and 
chlorine/hypochlorite dosing for successful selective disinfection. 
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This thesis aims to investigate solutions to filamentous bulking and additional 
problems commonly encountered by industrial and municipal wastewater treatment 
processes and systems. It provides a discussion of these problems and offers suggestions 
to correct and prevent them with an objective of providing a better understanding of these 
issues. The expectation has been made that this knowledge will provide a useful means 
for society and the environment to realize the benefits of successful wastewater treatment 
in an effective and efficient manner. 
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CHAPTER!: GENERALINTRODUCTION 
Wastewater treatment systems provide a means to treat the large quantities of water that 
society must use in its daily activities. Publicly owned treatment works (POTWs) and many 
industries alike are required to find effective and efficient means by which to treat this water and 
return it to the natural environment or reuse it in a safe and economical manner. The benefits of 
accomplishing appropriate treatment can then be realized by society and the environment. 
Activated aerobic wastewater treatment plants are a common means used by 
municipalities and industries to perform such treatment. However, as well as the processes and 
the systems associated with such treatment plants are designed, many of these facilities will 
inevitably encounter problems of some nature during their lifetime. The problems facing two 
such facilities, one industrial and one municipal, and their solutions have been investigated by 
the author and are the subject of this thesis. 
The industrial wastewater treatment plant (wwtp) is that of the Warren Frozen Foods 
(WFF) (now Rheems Foods) manufacturing facility of Altoona, IA. The wwtp is comprised of 
two parallel two-stage aerobic activated sludge treatment systems with sizes of 0.2 and 0.4 ML/d 
(0.05 and 0.10 mgd) and a retention time of 48 h. The majority of the experimental laboratory 
work conducted in relation to this thesis focused on investigating the treatment problems at this 
wwtp and researching ways to make the treatment more effective and efficient. 
The treatment facility suffered from biomass bulking, foaming, poor settleability, and 
difficult thickening that led to less efficient wastewater treatment. Recurring problems with 
settling due to undesirable bacteria, mainly filamentous, caused the wwtp's effluent to have a 
high solids content, much of which was passed onto the City of Altoona' s wastewater treatment 
plant, causing WFF to incur punitive damages for the excessive solids. 
The poor settleability also posed problems for the efficient disposal of excess biomass 
from the wwtp. These problems arose from the excessively high volume of water that the excess 
biomass occupied, leading to additional costs and effort to dispose of it. In an effort to 
ameliorate these problems, the investigation presented in Chapter 2 of this thesis focused on 
improving microbial selection and health, improving the settleability and dewaterability of the 
sludge, reducing treatment costs, and allowing for a more cost-effective disposal of excess 
biomass. 
Just as filamentous bacteria and other problems can negatively impact wastewater 
treatment processes, such as that mentioned at WFF above, they can also be present in 
wastewater systems. This was the case for the main inflow interceptor of the wastewater 
collection system of the wastewater treatment plant located in Sioux City, IA. The system 
conveys municipal wastewater as well as a large amount of industrial wastewater as the line 
nears its ending downstream at the Sioux City wwtp. Anaerobic conditions in the interceptor 
allowed anaerobic bacteria to generate problematic volatile fatty acids (VF As) that would flow 
downstream and promote the growth of unfavorable filamentous bacteria in Sioux City's wwtp 
and also cause odor problems in the vicinity of the wwtp. 
To remedy these problematic anaerobic conditions present in the interceptor, four major 
categories of treatment options were investigated in the study contained in Chapter 3 of this 
thesis. The four categories each included a variety of related solutions that were considered. 
The four categories and their related solutions are included below. An"*" accompanies the 
solution found to be the most preferable in each of the four categories by this investigation. 
• Redox Potential Improvement 
o * Air injection 
o Hydrogen peroxide (H202) dosing 
o Nitrate dosing 
• Selective Disinfection 
o * Chlorine or hypochlorite dosing 
o Ozonation 
o Maintaining a high pH 
• pH Control and Cleaning 
o * Occasional flushing to remove debris deposits (with passive tipping flusher or 
flushing gate) 
o Mechanical cleaning to remove debris deposits 
o Lime/CaC03 sludge/NaOH dosing and alkaline flushing to maintain a pH> 8 
• Chemical Precipitation and Odor Control 
o * Iron salts dosing (with ferric chloride) 
o Neutralizing spray facility 
o Adsorbents 
o Attached biological treatment 
Although most of these possible solutions would be effective to combat the problematic 
anaerobic conditions in the interceptor, the use of a tipping flusher or flushing gate technology 
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appears to be the most feasible option. These two technologies are the most attractive because 
they are the most effective, economical, established, immediate, reliable, and most consistently 
performing technologies available to remedy and prevent the anaerobic conditions present in the 
interceptor. 
Thesis Organization. This thesis is primarily composed of two research papers that 
have a focus on solutions to filamentous bulking in wastewater and other challenges encountered 
by industrial and municipal wastewater treatment plants. Following a General Introduction in 
Chapter I that helps to link the papers together into a single thesis document, Chapter 2 contains 
the first of these papers that details the study of the WFF industrial wastewater treatment plant 
that was subject to filamentous bulking and additional problems as outlined above. 
Chapter 3 includes the second study that investigated solutions for the elimination and 
prevention of anaerobic conditions in Sioux City's municipal wastewater collection system that 
produced volatile fatty acids (VF As) that led to problematic filamentous bulking at a 
downstream municipal wastewater treatment plant. A General Conclusions section in Chapter 4 
completes the thesis by providing a summary of problems encountered, solutions found, 
recommendations, and visions for future work in the area. 
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CHAPTER 2: IMPROVING ACTIVATED SLUDGE 
SETTLEABILITY, DEW ATERING, AND BIOMASS RECOVERY IN 
A PASTA WASTEWATER TREATMENT PLANT 
This study was conducted January 2002 through October 2003 on the wastewater 
treatment plant at Warren Frozen Foods (Now Rheems Foods) of Altoona, IA. 
This project was primarily aimed at improving the activated sludge wastewater 
treatment process of Warren Frozen Foods (WFF) by ameliorating poor sludge 
settleability due to microbial imbalances and by improving the dewaterability of the 
excess biomass. 
Specific objectives included the following: 
1. Identify the cause of biomass bulking - whether filamentous or zoogleal 
(viscous) bacterial growths; 
2. Identify possible design limitations of the present plant leading to unfavorable 
microbial selection and proposing remedial layout changes; 
3. Determine whether a lack of nutrients exists that may be causing a microbial 
population imbalance; 
4. Investigate the use of non-specific control measures for biomass bulking, 
particularly selective disinfection; 
5. Determine a suitable range of pH values and pH control measures; 
6. Determine the toxic limit of sanitizer (particularly QAC) concentrations; 
7. Obtain operational parameters for chemical dosage on the wastewater treatment 
plant. 
8. Find simple means to improve sludge thickening and dewatering. 
9. Improved ultimate disposal of biomass. 
Major findings included: 
1. The cause of problematic filamentous bulking was originally found to mainly be 
Microthrix parvicella; Later in mid- to late 2003, Thiothrix I and II, 0041, 
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Nostocoida limicola, and 1851 were bacteria found to be causing problematic 
filamentous bulking, with Thiothrix dominating; 
2. Nutrient supplementation helped to keep filamentous bulking under control; 
3. Discharges of sanitizer and ammonia from cooling have to be controlled or 
diverted; 
4. Selective disinfection using chlorine was successful at dosages from 1-4 g Cl/kg 
biomass/d to control bulking; 
5. Thickening of sludge could be improved by an additional 70% by adding oak 
sawdust at an optimal dosage of 1-5 g/L; 
6. Sludge could be dewatered to about 5% by drainage through woven polyethylene 
bags; 
7. A polymer dosage of 30 mg/L instead of 15 mg/L could improve dewaterability 
by about 11 times. 
8. Excess biomass reuse, such as animal feed supplement, was shown to be feasible. 
The Challenges Faced 
Food processing industries, in various operations such as corn milling, starch 
extraction, cooking and equipment rinsing, discard large quantities of unwanted organic 
material, much of this in wastewater. Wastewater treatment is required to protect the 
environment, either on-site or in admixture with domestic wastewater at city owned 
facilities or by a combination of on-site pretreatment and final municipal treatment. 
Warren Frozen Foods (WFF) had relatively high concentrations of starches and sugars 
from cooking and in-place cleaning operations for their pasta manufacturing facility 
being discarded as a wastewater stream. The City of Altoona has little or no spare 
capacity for additional organic loads and expected that the bulk of the biological oxygen 
demand (BOD) would be removed from the wastewater by WWF's own wastewater 
treatment plant (wwtp ). Altoona also limits the concentration of suspended solids in the 
wastewater effluent disposed of through the sewer. 
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Figure 1: A biomass sample plagued by severe filamentous bulking in Warren Frozen 
Foods' wwtp. This is a 1 OOx photograph taken of a September 28, 2002 sample from the 
older phase of the wwtp. 
The wastewater treatment plant at the pasta manufacturing facility suffered from 
biomass bulking, foaming, poor settleability, and difficult thickening that resulted in 
much less efficient treatment than required. Recurrent difficulties with settling due to the 
growth of unfavorable bacteria, mainly filamentous, resulted in poor sludge settleability 
that was difficult to control and that led to occasional high suspended solids levels in the 
effluent. WFF incurred punitive charges for excessive solids in the wastewater. WFF 
approached Iowa State University to help find a solution to this problem. 
Additional challenges with thickening and dewatering also existed. Since the 
sludge had an excessive bulking behavior, the WFF wwtp excess biomass occupied large 
volumes to be trucked away for disposal. In addition, the adjoining aerobic digesters had 
difficulties with thickening the excess sludge so that an occasional backflow of sludge 
from these units to the activated sludge process was experienced, exacerbating the 
settling difficulties in this process. By ameliorating the bulking, improving thickening, 
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and by finding a suitable and relatively simple and inexpensive dewatering method, WFF 
was expected to reduce its costs and work associated with the disposal of excess biomass 
from its wwtp. 
The wastewater treatment plant at Warren Frozen Foods was extremely well 
suited for this study because it is relatively small (0.6 ML/d or 158,502 gal.) and consists 
of two parallel systems where differences in treatment could be observed. Each system 
consisted of a two-stage activated sludge system of 48h retention time with settling for 
biomass recirculation and aerobic digestion facilities for excess biomass. 
Materials and Methods 
Amelioration of sludge bulking was studied by introducing chlorine (2g Cl/kg 
biomass/d), nutrient supplementation, avoidance of toxic shocks by diverting slugs of 
ammonia and quaternary ammonium compounds, and by introducing an operational 
procedure wherein anoxic conditions are maintained for several hours per day and by 
regular cleanout of the (unstirred) settling tanks to avoid septic conditions. Hydrogen 
peroxide was also tested on full scale. Regular microscopic examination of the biomass 
was performed on a Lomo microscope (Laboroscope AL2000) using Gram staining and 
sulfide tests. 
Sludge thickening tests were performed with Phipps and Bird (Model 7790-400) 
mechanical paddle stirrers. Polymer solution (1 mg/L) was added first to the sludge 
samples. Half of the polymer dosage was added initially and stirred at 20 rpm for 2 
minutes. Ballasting agent was added stirring at 40 rpm and continued for 5 minutes. 
Then, the stirring speed was lowered to 20 rpm and the second half of the polymer dose 
was added and stirred for 2 minutes. Stirring was then ceased to allow settling. The 
proportion of the total volume to settled s.ludge, measured at regular time intervals, was 
then used to determine settled solids concentration. 
Sludge dewatering tests were performed using a method based on the specific 
resistance to filtration method described in Standard Methods. The method involved 
filtering the sludge sample through a course woven filter medium or geotextile inside a 
Buchner funnel that rested in a 1 L graduated cylinder. A level of 4 cm was maintained 
throughout the tests to provide a constant head to drive the sludge through the medium. 
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Filtrate volume collected was recorded at regular intervals. The rate of dewatering and 
solids concentration achievable were then compared to choose the optimal textile type to 
make sludge dewatering bags for the treatment plant. 
Investigations and Solutions 
To solve the problems outlined above, this investigation focused on improving 
microbial selection and health, improving the settleability and dewaterability of the 
sludge, reducing treatment costs, and allowing for a more cost-effective disposal of 
excess biomass. As mentioned earlier, WFF's wwtp was particularly well suited for such 
an investigation because it is comprised of two parallel two-stage activated sludge 
treatment systems ("old" and "new") with sizes of 0.2 and 0.4 ML/d (52,834 and 105,669 
gal.) and retention time of 48 h. 
Improving Microbial Selection and Health 
The performance of a wwtp is largely dependent on the quality of the biomass of 
the system. Having sludge floes that are not in an optimum condition can directly cause 
operational problems. Microscopic analysis of the sludge is a useful tool to diagnose 
such problems and their relationship to biomass quality. In fact, Eikelboom et al. (1983), 
states that microscopic sludge investigation is an indispensable aid for making a proper 
diagnosis of sludge characteristics. Samples were obtained and observed at regular 
weekly intervals during the standard academic year. Two to four microscopy slides were 
prepared for each sludge sample, the number determined by the ability to best identify the 
characteristics of the sludge. Eikelboom et al. (1983) claims that usually one slide is 
sufficient enough to identify sludge characteristics, but the investigators of this study 
chose to use at least two each time to verify their observations. 
The microscopy revealed that the floes were usually normal in size, but frequently 
had large numbers to excessive filamentous bacteria, corresponding to a classification of 
Category 3 or Category 4, respectively, by Eikelboom et al. (1983). Eikelboom defines 
five visual interpretation categories, based on microscopic reference images of 
filamentous bacteria in wastewater, as the following: 
Table 1: Eikelboom's five visual interpretation categories of filamentous bacteria 
(Eikelboom et al., 1983). 
Category Characteristics 
1 hardly any filamentous microorganisms present 
2 small numbers of filamentous microorganisms present 
3 moderate numbers of filamentous microorganisms present 
4 large numbers of filamentous microorganisms present 
5 excessive numbers of filamentous microorganisms present 
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Category 2-3 typically forms what is considered a critical range. In this range, the 
sludge will still settle somewhat well, but a small increase in the number of filaments will 
result in bulking problems (Eikelboom et al., 1983). 
Although many wwtps experience the presence of filamentous bacteria at some 
point during their operation, the filaments usually only become problematic when 
filament growth is massive, as was evident at WFF. Eikelboom et al. (1983) states that 
these filaments may be any of a variety of nearly 30 filamentous bacteria suspected to 
cause bulking sludge. 
Of the filamentous bacteria present at WFF, Microthrix parvicella dominated 
originally, but in mid- to late 2003, Thiothrix I and II, 0041, and Nostocoida limicola and 
1851 were very common, with Thiothrix dominating. These filamentous organisms cause 
significant bulking problems that lead to difficulties with settling, thickening, dewatering 
and higher disposal costs; uncontrolled biomass loss; and high solids in effluents. 
Common eukaryotes present in both systems included rotifers, nematodes, and a variety 
of protozoa, e.g. stalked and free-swimming ciliates, flagellates and paramecia. These 
eukaryotic organisms indicated a healthy sludge. 
Table 2: Bacteria filament presence in the sludge at the Warren Frozen Foods wwtp 
from 2001-2003. 
Filament 
Microthrix parvicella 
Thiothrix I 
Thiothrix II 
0041 
Nostocoida limicola 
1851 
Presence 
dominating initially, until 2003 
dominating since 2003 
secondary I sometimes dominating 
secondary 
secondary 
secondary 
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Microtltrix parvicella. This bacterium is characterized by highly bent, often twisted (but 
not in this case) filaments that sometimes form tangles around and though floes. The 
filaments are usually 200 to 400 µmin length and a diameter of about 0.5 µm. These 
Figure 2: Microthrix example by Richard (1998) at 1 OOOx. 
Figure 3: Stained August 1, 2003 sample containing Microthrix parvicella bundles at 
lOOx. 
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filaments are non-motile, do not have a sheath, do not have clearly visible granules or 
food reserves, and rarely undergo branching. However, polyphosphate granules are 
sometimes visible. It is similar in appearance to N. Limicola I that has also been present 
in WFF' s wastewater, except that N. limicola does not store polyphosphate granules 
(Eikelboom et al. , 1983 ). When present, M parvicella was initially dominant in the WFF 
wastewater. Then, it was found less frequently as Thiothrix dominance increased. 
Thiothrix I. These filaments are bent, usually protrude from floes in a radial 
fashion, and have a large range in length from 50-500 µm. The cells are rectangular and 
may range in diameter from 0.4-1.5 µm. Tapering is often present in one and the same 
filament. No sheath, branching, or attached growth of the filaments is present, and they 
are non-motile (Eikelboom et al. , 1983). These filamentous bacteria were frequently 
dominant in the WFF wastewater in the wwtp and were often very thick. Microscopic 
photos of Thiothrix I at various stages during this study are shown below. 
Figure 4: Thiothrix I sample provided by Richard (1998) at 1 OOOx. 
12 
Figure 5: Thiothrix 1 domination present in an August 1, 2003 sludge sample from wwtp 
at Warren Frozen Foods. The magnification is made at 150x. 
Thiothrix II. Thiothrix 11 is in many ways similar to Thiothrix 1. They differ by 
Thiothrix 11 often being longer, typically having a smaller diameter, and having its cells 
surrounded by a sheath. Lengths vary from 200-800 µm and diameters from 0.8-1.5 µm. 
Constrictions are usually only seen at the end of the filaments. Similar to Thiothrix 1, the 
cells have a rectangular or rod shape, are slightly bent, and are non-motile (Eikelboom et 
al., 1983). These filamentous bacteria were also very common, at times dominant, in the 
WFF wwtp wastewater. 
Figure 6: Thiothrix 11 example by Richard (1998) at 1 OOOx. 
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Type 0041. These short (50-150 µm) filaments are bent or twisted. The cells are 
rod-shaped, rather long, with constrictions that are easily visible. Their diameter is 
usually in the range of 0.5 - 0.7 µm. They do not have motile abilities, a sheath, 
branching, or attached growth (Eikelboom et al., 1983). 0041 was problematic at various 
times during this study, but more so near the beginning in early 2002. 
Figure 7: Type 0041 filamentous bacteria at 1 OOx (Michigan Department of 
Water Quality, 2004). 
Nostocoida limicola II. N. limicola are bent filaments that are similar in 
appearance to a string of candies that are typically free-floating in the liquid between 
floes. The cells are spherical or disc-shaped with typical lengths of 100-300 µm and 
diameters of 1.0-1.2 µm. The cells are not motile, and they do not have a sheath, 
branching, attached growth, or food reserves granules Characteristics observed in the 
WFF wastewater that lead to the conclusion that N. limicola II was present rather than N. 
limicola I or Ill were that the filaments were thicker than N. limicola I; septa and 
constrictions were both reasonably visible; the cells were clearly spherical to disc-shape; 
and the filaments were not usually tangled. 
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Figure 8: N. limicola at 1 OOOx (Santa Cruz Productions Database Central, 200 I). 
Figure 9: N. limicola sample at 400x from the old half of the wwtp at Warren Frozen 
Foods, obtained October 28, 2003. 
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Figure 10: A sludge sample from the second aeration tank in the old phase of Warren 
Frozen Foods' wwtp at 400x showing N. limicola present in a September, 2003. 
Type 1851. These filamentous bacteria are straight or somewhat bent with a 
length of 200-400 µm and may be found in bundles. Longer filaments are sometimes 
cracked. The cells are rectangular with a typical length of 1.7-3.5 µm and diameter in the 
range of 0.5-0.7 µm. Attached growth, rarely excessive is common in a perpendicular 
fashion on the outer wall of the filaments. Its septa are difficult to see and it has no 
branching or storage or food reserve granules (Eikelboom et al. , 1983). These bacteria 
were occasionally problematic in the WFF wastewater. 
Figure 11: Type 1851 filaments at 400x present in a August 1, 2003 stained wastewater 
sample from the Warren Frozen Foods wwtp. 
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Eukaryotes. As mentioned above, common eukaryotes present in both systems 
included rotifers, nematodes, and a variety of protozoa, e.g., stalked and free-swimming 
ciliates, flagellates and paramecia. 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 12: (a) Rotifer - extended at 1 OX (b) Mastix of Rotifer at 40X 
(c) Stalked Ciliate Zoothamnium at lOX (d) Amoeba at 40X (e) Ciliate 
Chilodonella 160 microns at 40X (f) Ciliate Euplotes at 40X (Michigan Department 
of Environmental Quality, 2004). 
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Although some of these organisms appeared smaller than the filaments, in general, these 
organisms were larger than the filaments, ranging in size from 10-1000 µm. 
These eukaryotic organisms were an indication of a healthy sludge because they 
positively contribute to the treatment process by removing loose bacterial cells at the 
edge of floes and in the free liquid, leading to a higher quality effluent. 
The ciliates and rotifers present are particularly characteristic of a treatment plant 
in which the loading is not too high, and oxygen is adequate. Flagellates and amoeba, 
which may be indicators of highly loaded treatment plants with inadequate amounts of 
oxygen, were only occasionally present (Eikelboom et al., 1983). However, because the 
flagellates and amoeba were only rarely present in small amounts, the possibility of them 
indicating an unhealthy sludge was very minimal, and they most likely happened to be 
included in the variety of microorganisms present. 
Bulking Cause Determination. Observation of the sludge and the excessive 
amount of filaments present in the wastewater samples led to the conclusion that the 
bulking of the sludge was due to the filamentous microorganisms mentioned above, 
rather than zoogloea organisms. The latter type of bulking would have been 
characterized by slime. This slime is a type of polymeric compound produced by 
microorganisms that contain a high quantity of water. The slime is made up mainly of 
bacterial capsules and causes voluminous floes to form (Eikelboom et al., 1983). 
Figure 12: Filamentous bulking at 1 OOx in a September 28, 2003 sample from the older 
half of Warren Frozen Foods' wwtp. 
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Treatment. The treatment and prevention of the filamentous bacteria at WFF 
proved a challenging task. Highly variable organic loads, nutrient imbalances, and low 
dissolved oxygen contents were frequently present and provided favorable conditions for 
the filamentous organisms to out-compete the preferred floe-forming bacteria. 
Controlling these characteristics and providing a stable environment for the floe-forming 
bacteria was an extremely important and high-priority objective of this research. Septic 
conditions developing during flow equalization could have. been the cause for the most 
commonly dominating Thiothrix 1 and 11 appearing in Figure 13. 
Figure 13: Thiothrix domination at WFF at 150x magnification. 
A commonly used measure to quantify the settling characteristics of activated 
sludge is the sludge volume index (SVI). The SVI is the volume of 1 g of sludge after 30 
minutes of settling, commonly measured in mL/g. SVI value of 100 mL/g is considered 
good settling, with SVI values less that 100 being most favorable. SVI values greater 
than 150 mL/g are typically associated with filamentous growth (Parker et al., 2001 ). 
Thus, SVIs between 100- 150 mL/g may be considered critical (Eikelboom et al., 1983). 
With SVIs soaring up at times to near 800 and rarely falling below 150 ml/g, WFF's 
wwtp obviously had significant bulking problems by common standards. 
Figure 14: SVI 1 L beakers showing problematic bulking, around the 600-800 mL/g 
range before adequate chlorine dosing. 
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In an effort to remedy this problematic bulking, chlorine dosing was 
recommended. Hydrogen peroxide dosing would also have been a useful solution and 
was also evaluated. The theory here relied on the fact that a suitable dose could be 
determined by evaluating the wwtp's parameters and characteristics to best use full-scale 
studies to determine the optimal chlorine dose and location. 
In general, the optimal chlorine dose would be one that would kill the floe 
protruding filaments, yet preserve the more isolated floe-forming bacteria. In this way, 
the better settling floe-formers would be favored and the growth of the problematic 
bulking filamentous bacteria was deterred. 
As can be seen in Figures 15 and 16, which show average sludge volume indexes 
(SVI) and chlorine dosages for both the old and new systems of the treatment facility, 
respectively, chlorine proved to be effective in reducing the SVIs to a much better range 
of typically I 00-300 mL/g, down from their higher and more problematic levels. 
Because chlorine proved to be more effective than hydrogen peroxide and because it is 
cheaper than hydrogen peroxide, it has become the preferred method at WFF. 
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When the SVI was high, chlorine addition successfully combated the filaments, 
resulting in decreased bulking and improved settleability, as indicated by SVI. For 
instance, high SVIs were seen in the old system, peaking on September 5t\ 2002. 
Varying dosages of chlorine ranging from 1-4 g/kg biomass/d were added, reducing the 
SVI to the 65-175 mL/g range, a much more acceptable SVI. The SVI remained in this 
more acceptable range until chlorination was discontinued, at which time the SVI began 
to increase again. Usually, the chlorination did not kill the eukaryotes. 
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Similar results were encountered when chlorinating the new system. For example, 
a large SVI increase peaked on August 11th, 2002. Chlorination ranging from 2-4 g/kg/d 
was subsequently implemented and helped to lower the SVI to be consistently under 200 
mL/g, a much more acceptable range than the 700's. The SVI remained in this lower 
range, during the continuation of chlorine dosing, but rose after its discontinuation. The 
required chlorine dose was dependent on the type of organism encountered - M 
parvicella required less chlorine than Thiothrix. 
Figure 17: Improved filament condition after chlorinating the newer phase of the wwtp. 
The photograph is of a sample obtained in September of 2003. 
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Uncontrolled blowdown of ammonia from the cooling system resulted in high 
nitrates and denitrification in the settling tank. There were also times when a shortage of 
nutrients was present, particularly nitrogen. Both problems were overcome by diverting 
the cooling system blowdown and by supplementing the wastewater with fertilizer 
containing both nitrogen and phosphate in appropriate ratios to the BOD. This also 
helped to remedy the foaming problems. Additionally, an operational procedure was 
introduced wherein anoxic conditions were maintained for several hours per day by 
regular cleanout of the (unstirred) settling tanks to avoid septic conditions. 
Improving Sludge Settling and Thickening 
Enhancement of the floe binding may improve settling. The addition of polymers 
to wastewater is one method that could achieve this. This study explored the use of 
polymers at various dosages to determine the optimal amount of polymer to use to 
enhance binding, while considering the costs involved with polymer addition. Polymers 
can often be quite costly, so this was an important consideration to make for the WFF 
wwtp, as highly economically efficient solutions were required to meet the needs of the 
company. 
The study relied on bench- and full-scale testing of polymers. Multiple bench-
scale tests on the wastewater revealed that polymers were only significantly beneficial to 
the binding of floes of this particular wastewater if dosed at rather high dosages (20+ 
mg/L). However, the costs associated with these high dosages were not economically 
justified for this particular plant and the situation at hand. Lower levels of polymer 
dosage also slightly benefited floe formation, but not at levels significantly beneficial 
enough to justify their use. 
The addition of ballasting agents to improve settleability was investigated. 
Ballasting agents can help to add weight to floes, and in some instances binding 
capabilities, to enhance flocculation. The ballasting agents improved settleability. 
Ballasting materials tested included microsand (diameter = I 00-200 µm), alum, fine pine 
sawdust, cedar sawdust, oak sawdust, extracts of each sawdust, and presoaked sawdust. 
Bench scale tests indicated that the microsand, alum, extracts, and presoaked 
sawdust samples did not significantly affect settleability, nor did the addition of polymer 
23 
when used with any of the ballasting materials, except the oak sawdust. The denser oak 
sawdust most positively affected settleability, even more so than the use of the polymer 
on its own. Oak sawdust dosages tested ranged from 1-15 g/L. Optimal settling was 
typically achieved in the range of 1-5 g/L. The other sawdusts also increased settleability, 
but less than oak sawdust, although more than polymer by itself. 
More specifically, the pine and oak sawdusts provided similar improved settling 
over an hour. Without any ballast, the sludge in the samples would settle about 17.4% in 
one hour and about 30.0% in 24 hours. Both the pine and the oak improved settling from 
21 % to a maximum of 29% in 24 hours. This translates to a 16. 7% to 61.1 % settling 
improvement per day over allowing the sludge to settle without these sawdust ballasts. 
However, a more significant difference between these two types of sawdust could 
be observed over a period of 24 hours. The pine-ballast samples would settle a minimum 
of 26% to a maximum of 42% over 24 hours. These results showed to a -13.3% to 0.4% 
settling improvement. These numbers indicate that the pine sawdust barely had any 
positive effect over 24 hours and may have actually caused the sludge to float rather than 
settling. The oak sawdust performed far better, yielding a minimum settling of 36.0% 
and a maximum of 52.0%. This was a 0.2% to 74% settling improvement over the 
control group without sawdust ballast. Thus, it may be concluded that oak sawdust is the 
best settling aid investigated here because it will at least achieve the average settling of 
the control samples without sawdust and may achieve drastic settling improvements to 
nearly 75%. On a large scale, an even higher degree of settling could be expected. 
Another observation was made that the oak sawdust more positively enhanced the 
settling of older or digested sludge than extremely fresh sludge. This characteristic is 
beneficial since one of the main objectives of the study was to find a successful means of 
thickening in the digesters. Bench scale tests also showed that even after 60 days, the 
sludge containing the sawdust would maintain its greater settleability and did not 
succumb to flotation. Oak sawdust was found to be the best option to improve 
settleability, unless the dewatered sludge is to be reused in livestock feed. 
A supply of oak sawdust and sawdust from other heavy woods is readily and 
consistently available to WFF at a low cost. The decision to use the sawdust is still being 
evaluated, based on the preferred disposal option. If the sludge is disposed of via land 
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application, the sawdust is acceptable to use. If, instead, the sludge is used as feed for 
livestock, then the sawdust will lower its quality. Another expected practical problem is 
that most commercial sawdust is rather coarse. Finer sawdust was shown to be much 
more effective. 
Improved settleability directly improves the dewaterability of the sludge. 
Because the sludge floes are more compact and better formed when better settleability is 
achieved, the sludge is more easily dewatered because it contains less water initially. 
Also, the better floe formation improves the water migration and binding between floes to 
prevent clogging and blinding of dewatering septa. 
Improving Sludge Dewatering 
Because WFF must transport its waste activated sludge (WAS) to dispose of it, 
minimizing the volume of it as much as possible is preferred to make the process more 
efficient. Sludge dewatering can achieve this volume reduction and may involve filters, 
vacuum filters, or centrifuges. In the case of WFF, the use of gravity screening through 
geotextile was determined to be the most economically effective option to achieve this 
reduction. 
A variety of geotextiles were investigated to aid in dewatering. The intention was 
to apply the textiles in bags, in which the sludge could be kept while the water would 
drain through the textile. Initially, the solids content of the sludge was c. 0.5%. The 
solids content needed to be at least 5% to satisfy the economics of disposing of the sludge 
as a component of animal feed. Thus, the extent of dewatering and concentrating of 
solids able to be achieved by a geotextile was the primary factor driving the decision of 
which geotextile to use. A sludge bagging system using the geotextile is the preferred 
apparatus for dewatering the sludge because it satisfies the economical and operational 
requirements of the manufacturing facility and provides the flexibility for achieving 
about 5% solids. 
Out of the geotextiles investigated in this study, the Miratech Geotube GT500, 
supplied by Contech Construction Products, Inc., provided the most effective dewatering 
and provided the most consistently durable product. However, the fabrication of bags 
from the product was difficult to achieve at bench-scale level. Instead, woven 
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polyethylene bags, supplied by Envirodyne Systems, Inc., are the most practical because 
they are readily available and quite inexpensive. 
The optimal textile was determined using the specific resistance to filtration 
method, as outlined in Standard Methods (1995). This method is the most commonly 
used measure of sludge dewatering characteristics and can be used to identify the optimal 
polymer dosage to enhance dewatering. The method involved filtering the sludge sample 
through a course woven filter medium or geotextile inside a Buchner funnel that rested in 
a 1 L graduated cylinder. A level of 4 cm was maintained throughout the tests to provide 
a constant head to drive the sludge through the medium. Filtrate volume collected was 
recorded at regular intervals. The rates of dewatering and solids concentration achievable 
were then compared to choose the optimal polymer and textile type to make sludge 
dewatering bags for the treatment plant. 
The specific resistance to filtration method showed that increasing polymer 
dosage with the optimal textile from 15 to 30 mg/L did not improve thickening much. 
Therefore, 15 mg/L of polymer seemed a suitable dosage. Figures 18 & 19 show the 
change in volume dewatered versus time for WFF wastewater samples being passed 
dosed with 15 and 30 mg/L polymer dosages, respectively. Initially, there is quite a bit of 
sludge lost in passage through the filter medium (geotextile ). As more sludge 
accumulates on the medium and forms a filter cake and more resistance, the effluent 
quality improves dramatically with most sludge now retained behind the geotextile. 
120.00 ... ., ....... 
100.00 j--------.======;---
:::; 
!. 
-+-15 mg/L Polymer #1 
- -• - 15 mg/l Polymer #2 
' 15 mg/l Polymer #3 :;; 
..; 80.00 i-+c- ---
~ 
~ 
; 
~ 60.00 -t---<-~--
~ 
0 
> 
.!: 40.00 --------------~ 
l ,.,, \~.- - ,.J,. .. .. ·-. ,,,. .· '.~.- .. ..  -.. -----' 
~ --.· y.-.. " I .- --.· !,· .. : ·· - -~:-
0.00 +-----~-~-~~-~-~----; 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 
Timelmin.l 
Figure 18: Change in Volume Dewatered 
vs. Time with 15 mg/L Polymer Dosage. 
200.00 
180.00 
160.00 ;~-------~ 
--+- 30 mg/L Polymer #1 
140.00 
· .. 
120.00 
.. : 
100.00 
80.00 
60 .00 
40.00 
20.00 
0.00 
0.00 1.00 
Time (min.) 
Figure 19: Change in Volume Dewatered 
vs. Time with 30 mg/L Polymer Dosage. 
26 
Figures 20 and 21 below are used to calculate the specific resistance to filtration. 
Time divided by volume is graphed versus volume, according to the specific resistance to 
filtration method. Then, a best fit line is plotted through the data points. The slope of 
this line is used to calculate the value of the specific resistance to filtration, according to 
its methodology. Sludge of high specific resistance is more difficult to dewater than one 
of low specific resistance. Sludges with a specific resistance of more than 1014 are 
difficult to dewater. As can be seen from Table 1 below, with values in the range of 
1012 to 1014, WFF's sludge is usually not extremely difficult to dewater. 
Table 3: Specific Resistance to Filtration for WFF Sludge. 
Figure 20 shows the graphing of the three duplicate trials via the specific 
resistance to filtration method, with 15 mg/L of the polymer solution added to 1 L of the 
sludge. Figure 21 shows three duplicate trials of 30 mg/L polymer solution added to 1 L 
of the sludge. Because a sludge of high specific resistance is more difficult to filter than 
a sludge of low specific resistance, the figures indicate that sludge with either of polymer 
dosages has an acceptable specific resistance of similar values and that sludge with the 15 
mg/L polymer dosage is acceptable and obviously more economically justified than the 
30 mg/L polymer dosage. 
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Pilot Scale Implementation 
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When pilot scale studies were conducted onsite, the various bags achieved 
dewatering levels ranging from 4.7 to 8%, with around 5% being the most typical. These 
values could be achieved within Yi to 1 days. The bags had to be refilled about four times 
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to obtain half a bag full of dewatered sludge as a result of the tenfold volume reduction. 
These procedures may be automated in a bank of bags for full-scale implementation. 
Figure 22: Pilot plant setup and dewatered sludge in bag after passage of a single load of 
digested sludge. 
Bags represent a simple and inexpensive option for dewatering. Continuous 
dewatering would also be possible using screens and other conventional dewatering 
equipment. Existing screens on the wastewater treatment plant such as in Figure 23 
could well be used, but would not have sufficient capacity to handle all of the biomass. 
Figure 23: Existing rotary screen and wedgewire supplementary screen. 
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Disposal of Excess Biomass 
The main options for the disposal of excess biomass that are logistically and 
economically feasible to WFF are transporting it to the Des Moines wastewater treatment 
plant, land application and supplementing livestock feed. Current land application 
equipment at the facility allows for a maximum solids concentration of about 2% in order 
to be sprayed. However, the solids concentration needs to be at least 5% for 
supplementing livestock feed. Certainly, a higher solids concentration in the excess 
sludge reduces transportation costs substantially. Achieving the higher solids 
concentration of 5% in the excess biomass.is a more economic means of disposal, but this 
option may not be used if oak sawdust is added as ballast in the systems. Thus, these 
options need to continue to be evaluated. 
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Conclusions, Recommendations, and Future Investigation 
This particular treatment facility was an excellent system to research because of 
its parallel systems and the ability to compare the performance of the systems in response 
to corrective measures investigated in this study. Settleability was improved at the plant 
when using chlorine to combat filamentous bulking. The recognition and correction of 
nutrient imbalances arising from ammonia blowdown and bypassing this stream past the 
wastewater treatment plant and directly into the city's treatment system removed a major 
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obstacle to settleability and virtually eliminated foaming problems in the aeration tanks 
and clarifiers. 
Successfully decreasing the filamentous bulking and improving settleability 
greatly improved thickening, although not to the extent expected. However, the natural 
properties of the sludge and climatic effects seem to contribute to the thickening 
difficulties encountered. Oak sawdust could be used to improve thickening, but it would 
not improve it dramatically, requires high dosages, and could not be used if the decision 
to pursue supplementing livestock feed was pursued as a disposal option. 
Dewatering of the sludge has been very successful during both laboratory and 
pilot scale implementation at the plant. This successful dewatering performance will 
contribute greatly to a decrease in operation costs for the wastewater treatment plant and 
expand the disposal options for the sludge. A simple woven disposable bag system for 
dewatering has been developed. 
Possible future areas of related work include the investigation of climatic effects 
on the characteristics and performance of aerobic activated sludge wastewater treatment 
plants at food manufacturing plants, particularly those facilities associated with a high 
pasta production. This area of possible study is notable because several of the plant 
characteristics at Warren Frozen Foods (WFF) became unfavorable soon after cold 
weather (below 10 °C I 50 °F) on numerous occasions. Such characteristics included a 
decline in sludge health and settleability issues that included problems with filamentous 
bulking and excessive sludge wasting. A Stage II research after this could focus on 
growing fungi as a valuable byproduct from wastewater treatment. The potential easier 
separation and dewatering of fungi could also benefit WFF. 
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CHAPTER 3: INVESTIGATION OF CONTROL MEASURES FOR 
ANAEROBIC CONDITIONS IN THE SIOUX CITY WASTEWATER 
COLLECTION SYSTEM 
Introductive Summary 
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In the third chapter of this thesis, sanitary sewer system treatment alternatives for the 
Sioux City collection system main inflow interceptor to the wastewater treatment plant are 
investigated. Perpetual difficulties with bulking sludge as a result of filamentous growth in the 
Sioux City wastewater treatment plant (wwtp) prompted this study because it was expected that 
the prior anaerobic conditions in the pipeline are the root cause of this bulking problem. The 
information in this study was presented to the operating company of the Sioux City wastewater 
treatment plant in January of 2004. USFilter (now Veolia) has operated the plant for 20 years. 
This project is similar in some ways to the Warren Frozen Foods (WFF) project in 
Chapter 2 in that it also focuses on remedying filamentous bulking and its related problems and 
preventing their return in manners that may be similar to those used in the WFF project. This 
investigation aims to accomplish this feat by targeting the anaerobic conditions in the interceptor 
that are producing volatile fatty acids (VF As) that are causing these problems. The Sioux City 
interceptor and wwtp are also similar in that they are exposed to similar types of industrial 
wastewater streams (although the Sioux City stream also contains municipal wastewater) 
including those from bakeries, meat processors, and vegetable refineries. 
This study is the first phase of a larger project that could span through four phases of 
work. The successful completion of this first phase has helped to show the need for subsequent 
phases and make them possible. The overall project is viewed as being comprised of four 
potential phases of study as shown below. 
Fall 2003 Phase I 
Spring 2004 Phase II 
Remedy and avoid anaerobic production of volatile fatty acids 
(VF A) in the wastewater sanitary collection system 
- A paper study as contained in this report 
- Completed 
Pretreatment of industrial wastewater streams to reduce their VF A 
contribution to the wwtp 
- A paper study with lab testing of treatment options 
- Awaiting Sioux City City Council approval in April 2004. 
Fall 2004 Phase III Modify the treatment process of the wwtp if both Phase I and 
Phase II fail to find viable options for remedying and preventing 
filamentous growth in the wwtp 
- A paper study with full scale testing of treatment options 
2004/2005 Phase IV Pilot scale testing of pretreatment at selected industries 
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Figure 1: Photo showing problematic filamentous bulking in a Sioux City wwtp mixed liquor 
sample obtained from one of the aeration tanks on September 9, 2004. The magnification is 400x. 
The growth of filamentous bacteria in the Sioux City wwtp is believed to be fed by VF As 
being produced in the main inflow interceptor present before the wwtp. These VF As are 
produced by anaerobic bacteria, which are present when an insufficient amount of oxygen is 
contact with or is present in the sewer flow (i.e., the wastewater has low dissolved oxygen (DO) 
content). Through the process of fermentation, these anaerobic bacteria produce volatile fatty 
acids and reduced sulfur compounds, including sulfides and thiosulfate, and can allow Thiothrix 
to proliferate (Tchobanoglous et al., 2003). 
Fermentation is the anaerobic transformation of organic matter in the absence of a 
terminal electron acceptor and may eventually result in the production of volatile fatty acids. 
Complex carbohydrates are first broken down to their constituent sugars. These are then 
fermented via the glycolytic pathway to pyruvic acid, resulting in two moles of ATP per mole of 
glucose equivalent fermented. In addition to pyruvic acid, reducing equivalents are also produced. 
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Disposal of these equivalents takes place in a number of ways. These ways include either 
production of hydrogen which is then used by methanogenic bacteria and converted to methane, 
or by conversion of pyruvic acid to lactic acid, or by conversion of pyruvic acid to another 
organic acid. 
When the rate of fermentation of carbohydrate by glycolysis exceeds the capacity of the 
methanogenic bacteria to utilize these reducing equivalents, the production of lactic acid 
increases. Lactic acid is a relatively strong acid and accumulation may lower the pH. Many 
groups of microorganisms are sensitive to pH, in particular methanogenic bacteria and protozoa 
and a fall in pH will lower their numbers. A reduction in the numbers of methanogenic bacteria 
reduces the overall capacity to utilize reducing equivalents causing further lactic acid production. 
Species of bacteria which can use lactic acid as a substrate are thus favored and the overall 
pattern of fermentation changes away from the production of acetic acid and towards the 
production of volatile fatty acids (VF A), such as propionic and butyric acids (Helios, 2003). 
These are the means be which VF As are believed to be produced under anaerobic conditions in 
the main inflow interceptor. 
Four major categories of treatment options for the problematic anaerobic conditions 
present in the interceptor were investigated. Each of these forms the four sections of this report, 
followed by an overall conclusion and recommendation section. The four categories investigated 
are included below along with the recommended solution. 
• Section I: Redox Potential Improvement 7 Air injection 
• Section II: Selective Disinfection 7 Chlorine/hypochlorite dosing 
• Section III: pH Control & Cleaning 7 Occasional high flushing to remove debris 
deposits e.g., passive tipping flusher or flushing gate 
• Section IV: Chemical Precipitation and Odor Control 7 Iron salts dosing (ferric 
chloride recommended) 
• Conclusions and Recommendations 
The best overall solution appears to be the use of tipping flusher or flushing gate technology. 
In concept, this is a very simple approach to remedy and prevent the problematic anaerobic 
conditions in the interceptor. The tipping flusher/flushing gate technology is the most effective, 
economical, established, immediate, reliable, and most consistently performing technology to use 
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to eliminate and prevent the return of the anaerobic problems in the interceptor. However, it may 
not be practical for all sections of the interceptor. 
Essentially, the tipping flusher or flushing gate seem obviously better in many of the most 
important categories than any of the other technologies that could be considered as a solution to 
the interceptor's anaerobic problems. However, despite certain drawbacks such as cost, 
maintenance, etc, most of these other technologies are also effective and are important to 
consider when choosing a solution. Aeration, chlorine or hydrogen peroxide addition and 
alkaline scour also offer solutions that are practical and economical. The decision ultimately lies 
in the hands of the parties responsible. 
Findings and Recommendations. This study has aimed to investigate corrective and 
preventative measures for problematic anaerobic conditions and resulting volatile fatty acid 
(VFA) production in the main inflow interceptor to the wastewater treatment plant of Sioux City, 
IA. These conditions are necessary to remedy and prevent because they are leading to 
problematic filamentous bulking downstream of the wastewater collection system in the 
wastewater treatment plant (wwtp) and odor problems nearby to the wwtp. This report is viewed 
as being the first phase of a potentially four-phase project aimed at remedying and preventing 
filamentous growth in the Sioux City wwtp. 
The recommended technology of each section of this report to remedy and prevent the 
problematic anaerobic conditions in the interceptor is included within the discussion of each 
section below. These are: 
• Air injection for improving redox potential (Section I); 
• Chlorine/hypochlorite dosing for selective disinfection (Section II); 
• Occasional high flushing to remove debris deposits (passive tipping flusher or flushing 
gate recommended) (Section III); and 
• Iron salts dosing (ferric chloride recommended) (Section IV). 
Sercombe (1995), Tanaka (1985), Tchobanoglous et al. (2003), US EPA (1985), and US EPA 
(1998) proved to be especially good resources to consult for information on the technologies 
discussed in this report and provided much of the information herein. These resources may be 
found in the references contained in this report and are highly recommended for consultation by 
the parties responsible for choosing and implementing technology to remedy and prevent the 
anaerobic conditions in the interceptor. 
Section I of this report examined the utilization of improving the redox potential in the 
main inflow interceptor to reduce and prevent conditions that favor the problematic anaerobic 
activity in the interceptor. 
Redox potential may be improved by: 
• Air injection, 
• Hydrogen peroxide (H202) dosing, or 
• Nitrate dosing. 
Of these three alternatives, air injection seems to be the most attractive option. Air 
injection aims to reduce or eliminate anaerobic conditions by increasing the dissolved oxygen 
concentration in the problematic area. It is the most economical option of the three to improve 
redox potential, has the greatest ease of implementation, and is able to achieve the most 
immediate impact. 
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Other methods of introducing oxygen to the problematic anaerobic areas of the interceptor 
include increasing the capacity of the sewer to allow a greater surface area of the wastewater to 
be in contact with the atmosphere, installing a ventilation system, or increasing the flowrate of 
the wastewater. However, they have a high capital cost (and in the case of the ventilation system, 
a high maintenance cost) and may involve a high amount of construction and downtime to 
incorporate them. 
However, other oxidants may offer an attractive option. Hydrogen peroxide (H20 2) and 
potassium permanganate (KMn04) are both powerful oxidants that are easy to dose for redox 
potential improvement in the specific case of the Sioux City wastewater collection system. H202 
is often used especially as an oxidant in pumping stations and in long, flat sewers, similar to 
Sioux City's interceptor. Despite this specific manner of use, air injection may still be the more 
attractive option because H20 2 and KMn04 are expensive and less commonly available than 
other chemicals (such as chlorine), and are often avoided as a treatment option because of high 
costs and handling risks. KMn04 requires a longer contact time and leaves manganese dioxide 
precipitates and is the least desirable. 
The redox potential of water can also be increased by adding an oxidant weaker than 
oxygen, such as calcium nitrate. Nitrates are often dosed into sewers to increase the redox 
potential to values where VF A and hydrogen sulfide formation does not occur. All nitrate 
compounds are highly soluble and not very corrosive, thus eliminating most problems with 
stronger oxidants. The most commonly dosed form is calcium nitrate. In solid form this is 
usually Ca(N03)*4H20. The high dosages required make this less cost effective than stronger 
oxidants. The Sioux City wwtp has already been improving the redox potential of the 
wastewater collection system by Ca(N03)2 addition on an intermittent basis. 
Section II of this study investigated using selective disinfection to combat and prevent 
the interceptor's anaerobic conditions. 
Methods of selective disinfection include: 
• Chlorine or hypochlorite dosing, 
• Ozonation, and 
• Maintaining a high pH. 
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Although chlorine or hypochlorite dosing is a potential safety hazard to those who handle 
it and although chlorine residuals must be monitored as to not exceed discharge limits or disrupt 
biological activity in the wastewater treatment plant, such dosing appears to be the most 
attractive disinfection option to attack the anaerobic problems in the interceptor. This conclusion 
is made because chlorine/hypochlorite dosing has a relatively low cost and it is an established, 
effective, and commonly used method of selective disinfection. Many of the safety concerns 
with dosing chlorine gas are now being avoided by using either sodium or calcium hypochlorite 
(NaOCl or Ca(OCl)2). 
Chlorine/hypochlorite dosing is the preferred method of selective of disinfection over 
ozone (03) dosing. This is primarily because of the advantages discussed above, and the costs of 
0 3 generation and dosing technology and its maintenance are high, although they are both highly 
effective means of disinfection. 
Section III of this report provides an overview of the technologies for attached bacterial 
growth removal and pH control. These technologies can be examined in three general 
categories: 
• Occasional flushing to remove debris deposits (such as passive tipping flusher or flushing 
gate technology); 
• Mechanical cleaning to remove debris deposits; and 
• Lime/CaC03 sludge/NaOH dosing and alkaline flushing to maintain a pH> 8. 
Of these technologies, occasional flushing via a passive method seems to be most 
effective method to eliminate the anaerobic areas in the interceptor and prevent their return and 
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may be the best technology to use of the ones studied in this report. This is because the method 
is very economical (perhaps the most economical alternative of all options presented in this 
report), is simple, may be incorporated with relative ease, will have an immediate effect, and has 
been shown to save $500,000 on an annual basis over conventional cleaning in one application. 
It will also provide a consistent and ongoing preventative for debris deposits and the anaerobic 
conditions in them with a relatively low maintenance cost. Flushing gate technology is known to 
be the most effective method for flushing large diameter flat depositing sewers, similar to the 
Sioux City interceptor. If intermittent damming technology is not used, high flushing may be 
used to remove the debris. 
Although effective for smaller sewers, mechanical systems, such as rodding, balling, poly 
pigs, and bucket machines, are not designed to be applied to large interceptors and are often not 
as reliable. They also involve a higher cost than tipping flushers and flushing gates, are less 
established, and are often not as reliable. 
Dosing of alkaline chemicals may also may be effective to combat the anaerobic 
conditions in the interceptor. The most commonly used chemical in this case is lime (Ca(OH)2). 
Success has been achieved in using these chemicals in conjunction with flushing. However, 
dosing of these alkaline chemicals to maintain a pH above 8 is difficult to refine for a system, 
may have high annual costs as chemical addition typically does, is not able to be performed on a 
continuous basis because of incrustation accumulation and other maintenance issues, and is 
generally not practical for collection systems. Calcium carbonate is a cheaper, if less effective 
option, due to the low solubility of calcium carbonate. However, it is available as a waste 
product from drinking water treatment and adding this as a waste slurry may be an economical 
possibility to be investigated in future. 
Section IV of this report examined chemical precipitation and odor control for collection 
systems. These technologies include: 
• Iron salts dosing (ferric chloride recommended), 
• Neutralizing spray facility, 
• Adsorbents, and 
• Attached biological treatment. 
The Sioux City wwtp has already been adding iron salts into the interceptor. 
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Although none of these technologies presented in Section IV appear to be very attractive 
options because of their high capital and annual chemical costs often both exceed $100,000, most 
of these alternatives are effective. Iron salts dosing is preferred because its feeding systems 
usually have a lower capital cost than neutralizing spray facilities and adsorbent facilities. 
When considering iron salts dosing, ferrous sulfate (FeS04) at one time was the most 
commonly used chemical to form a metallic sulfide precipitate, removing the problematic 
odorous sulfide, especially because its feed systems are simple and relatively inexpensive at 
$25,000. However, ferric chloride (FeCb) is now the preferred chemical to use for metallic 
sulfide precipitation because it is not subject to many of the problems associated with ferrous 
sulfate. The primary problems with ferrous sulfate include the fact that lime usually must be 
added if sufficient alkalinity is not available, which is usually the case; its metallic sulfide that it 
forms to precipitate is often not insoluble enough to precipitate, and not enough dissolved 
oxygen (DO) is usually present in wastewater to allow its precipitation reaction to fully occur. 
Adding sulfate could also increase the potential for hydrogen sulfate formation. 
Neutralizing spray or wet scrubbing facilities for the off-gas are also effective, but 
involve high capital and annual costs and some of them require secondary cleaning operations 
with an accompanying open tank, contributing to even higher costs. Because of these costs, 
increased complexity associated with additional secondary cleaning operations, other 
maintenance issues, and high water demand by these facilities, other technologies that are 
simpler and less expensive discussed in earlier sections of this report are preferred. These 
facilities function by providing contact between air, water, and chemicals (if used) to provide 
oxidation or entrainment of the odorous compounds 
Although effective, adsorbents, which allow odorous gas to adhere to neutralizing 
surfaces, do not appear to be a feasible option in this case because of their high capital and 
annual costs and some of their operational characteristics. Activated carbon, the most common 
adsorbent, is also effective, but is costly. A primary advantage of activated carbon is that it has a 
high surface-to-volume ratio which saves on space requirements and cost. Additionally, the 
carbon may be regenerated although this is also expensive. Activated carbon is non-selective, 
which in some ways is an advantage, may also become problematic. The non-selectivity of 
activated carbon has an advantage due to the ability to remove complex mixtures of odorous 
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compounds. However, this non-selectivity can present a disadvantage in that the capacity of the 
carbon can be exhausted prematurely by the adsorption of non-odorous hydrocarbons. 
Biological treatment systems of off-gas include the many challenges associated with 
maintaining an exact moisture content and temperature for biological organisms in biofilters and 
problems with odors sometimes escaping from adsorbent facilities in general. Of course, not 
needing expensive adsorbents would be a saving in capital cost. 
Removing hydrogen sulfide is, in essence, just treating the symptoms of an anaerobic 
sewer system. Therefore, any of the technologies increasing the redox potential, disinfecting, or 
cleaning the system, are more effective and will eliminate hydrogen sulfide formation. 
Conclusion. When choosing the technology to remedy and prevent anaerobic conditions 
in the main inflow interceptor to the Sioux City wwtp, the responsible parties should consider 
long-term control methods that operate reliably. Of all of the alternatives discussed in this report, 
the use of tipping fl ushers or flushing gate technology appears to be the most effective, 
economical, established, immediate, reliable, and most consistently performing technology to use 
to eliminate and prevent the return of the anaerobic problems in the interceptor. A comparison 
table of the technologies identified as being most suitable for possible implementation at Sioux 
City, flushing technology, air injection, and chlorine dosing, is provided at the end of this chapter. 
Regardless of the alternatives pursued, pilot testing is recommended to choose and refine the 
technology used to remedy the anaerobic conditions and subsequent VF As in the main inflow 
interceptor to the Sioux City wastewater treatment plant. 
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Section I: Redox Potential Improvement 
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Section I: Redox Potential Improvement 
Through the process of fermentation, the anaerobic bacteria in the interceptor produce 
volatile fatty acids and reduced sulfur compounds, including sulfides and thiosulfate, and can 
allow Thiothrix to proliferate (Tchobanoglous et al., 2003). The septicity in the main inflow 
pipe is believed to be present in the bulk liquid because of the large diameter of the pipe, rather 
than the biofilm on the surface of the pipe, which is more typical for smaller diameter pipes. 
This conclusion is based on work by Pomeroy (1990) and Boon (1992). 
Improving oxic conditions or performing selective oxidation, the favorable conditions for 
VF A production may be reduced, eliminated, and prevented. The generation of hydrogen sulfide 
may also be inhibited by such measures. 
Measures to reduce the formation of VF As through increasing the red ox potential 
Tchobanoglous et al. (2003) comments that limited dissolved oxygen has been found to 
be the cause of filamentous bulking more than any other factor. This is because VF As produced 
under anaerobic conditions stimulate filamentous growth. 
A DO concentration of 2 mg/L should be maintained in the interceptor to maintain 
aerobic conditions and discourage the growth of the problematic anaerobic bacteria. Achieving 
this concentration involves improving the redox potential of the wastewater in the interceptor. 
Several tactics may be used to make this improvement including air injection, oxygen (02) 
injection, using hydrogen peroxide (H202) as an oxygen source, or using nitrate as an oxidant 
administered in the form of calcium nitrate. 
Oxidation-reduction (redox) reactions take place between an oxidizing agent and a 
reducing agent. In oxidation-reduction reactions both electrons are exchanged as are the 
oxidation states of the constituents involved in the reaction. While an oxidizing agent causes an 
oxidation to occur, it is reduced in the process. A reducing agent that causes a reduction to occur 
is oxidized in the process. Each of these reactions in the pair is known as a half reaction. 
The electrical potential or emf of the half reaction is used most commonly to characterize 
redox reactions. A standard potential (E0 ) is used to measure the tendency of a reaction to 
happen. The more highly positive the potential is, the more likely the reaction is to occur. The 
redox potentials for the major electron acceptors are shown in Table 1.1. The electron acceptors 
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can also be seen as providing a source of oxygen, although the electron acceptor is really Nor S 
for nitrate and sulfur species, respectively. 
The redox potential provides a measure of the general state of the liquid. Anaerobic 
processes have low values of potential, such as being < - 200 m V. Aerobic processes have 
higher potential values in the> +200 mV range. Facultative environments change from aerobic 
to anaerobic systems at about + 100 m V, according to Gray (1992). 
Table 1.1: Range of redox potentials governed by the electron acceptors. 
Oxygen 
Source 
02 
N03 
S04 
S02 
Reaction 
aerobic metabolism 
den itrification 
sulfate reduction 
methane 
Red ox Red ox 
Potential Potential Status 
>200 MV aerobic 
+ 200 mV anoxic 
OMV anaerobic 
-200 mV anaerobic 
One method of improving the redox potential is by increasing the oxygen content in the 
area of the main where oxygen is believed to be present in low concentrations. An increase in 
oxygen content may be accomplished by means such as air injection, improving the ventilation 
of the problematic area, increasing the capacity of the sewer and therefore lowering the level of 
the wastewater to increase its contact with the atmosphere, or increasing its flow rate and thus 
decreasing its retention time in the sewer. 
Air/Oxygen Injection 
Oxygen is used to prevent anaerobic conditions in rising mains. It oxidizes reducing 
compounds and supplies the oxygen needed for the respiration of microorganisms present in the 
sewage and the surface slimes of rising mains. The justification for using commercial oxygen is 
that the saturation concentration of dissolved oxygen is increased about five-fold, and possible 
problems with residual nitrogen gas are avoided (Boon and Skellet, 1979). The oxidation 
potential of oxygen is + 1.23 volts and is represented by the equation below. 
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The injection of air into the sewer is proven and outlined in US EPA (1985). The 
consultation of this resource is recommended if the decision is made to utilize air injection to 
remedy anaerobic conditions in the main inflow interceptor. Tanaka et al. ( 1995) also proves the 
effectiveness of air injection and provides some helpful suggestions for air injection on a 
continuous basis into sewage typical of ordinary households. 
Tanaka's (1995) study found that air injected at a volume ratio of about 30%-70% of the 
wastewater flow rate into a force main was found to be effective at controlling the presence of 
hydrogen sulfide, a compound indicative of the anaerobic conditions that also lead to VF A 
formation. Without the air injection, the dissolved oxygen (DO) was found to decrease up to 6 
mg/L from a nearby pump station to the terminal point of the sewer system, 3462 m (11,358 ft.) 
downstream. With air injection, the DO could be maintained at around 1.5 mg/L throughout the 
path, resulting in 1 mg/L by the time the sewage reached the terminal point. 
These results confirmed results produced in earlier manuals by the EPA in 1974 & 1985 
and showed that anaerobic conditions could be avoided with a DO of 1 mg/L or more. Tanaka et 
al. (1995) also developed a model for the air injection volume required to control the generation 
of hydrogen sulfide (and anaerobic conditions). Wastewater flowrate, DO concentration at the 
point of injection, soluble CODcr, and wastewater temperature are parameters used in the model. 
The model is used to gauge the injected air needed to inhibit the generation of hydrogen sulfide, 
with 1 mg/L DO being the minimum required to achieve acceptable sulfide levels. Thus, the 
model should also be acceptable to measure the injected air required to maintain desired DO 
levels, as indicated in the article, in the inflow to the Sioux City wwtp. In addition to the volume 
of air injection model, the paper also includes an outline and diagram of an air injection system 
arranged in a pumping station and the force main to which it is fed. 
The effectiveness of Tanaka's tactics on the much more industrial sewage that the Sioux 
City wwtp encounters is an important consideration to make. Observations made in the field 
should be made at the point of injection and the terminal point to observe how much of the DO is 
still present after traveling in the sewage throughout the rest of its trip to the treatment plant. 
Increasing the capacity of the problematic area of the sewer would help to prevent 
anaerobic conditions by enabling more of the wastewater to come into contact with the 
atmosphere. This would occur because a larger surface of the water would be exposed to the air 
by expanding the diameter of the main flow pipe. Obvious concerns with this option are the 
construction costs and time that would be involved in the transitioning of the wastewater from 
the old main flow pipe, to the newer, larger one. The improvement of anaerobic conditions 
could be enhanced by improving the ventilation of this section of the sewer with more vents or 
incorporating a ventilation system. Capital and maintenance costs become even more of a 
concern with the addition of such a ventilation system. 
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An increase in the flowrate of the wastewater may be accomplished by raising the head of 
the wastewater, increasing the slope of the sewer, or pumping the wastewater. However, most of 
these alternatives would probably entail a higher cost, require more time, and involve more 
construction and other changes than the alternatives mentioned earlier. If this option is chosen, 
the maximum force main velocity at peak conditions is recommended to not exceed 3 mis 
(10 ft.ls) (EPA, 1985). Table 2 (Metcalf & Eddy, 1981) provides some examples of capacities. 
Considering the information presented here about increasing the contact of the 
wastewater with oxygen, the best option of the alternatives presented so far appears to be air 
injection. It would most likely be the most economical option, provide the most immediate 
impact, and have the greatest ease of implementation. Other useful options for improving 
aerobic conditions include hydrogen peroxide (H20 2) addition and nitrate (N03-). 
Table 1.2: Force Main Capacity. Adapted from Metcalf & Eddy (1981). 
Diameter Velocity = 2 fps Velocity= 4 fps Velocity = 6 fps 
(in.) gpm lps gpm lps aom lps 
6 176 11 282 22 528 33 
8 313 20 628 40 626 60 
10 490 31 980 62 1470 90 
18 1585 160 3170 200 4755 200 
24 2819 178 5828 259 8457 534 
36 6342 480 12884 800 19026 1280 
Hydrogen Peroxide (H202) Addition 
Chemical oxidation may occur with the addition of the toxicant, hydrogen peroxide, a 
strong oxidizing agent. By being a strong oxidizing agent, the chemical has a strong tendency to 
oxidize other substances by providing oxygen, and, in-tum, serving as an electron acceptor. 
Hydrogen peroxide is able to oxidize hydrogen sulfide in 15 to 60 minutes to elemental 
sulfur (Murray and Sims, 1979). The stoichiometry for this reaction is 
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Metcalf and Eddy (2003) says that hydrogen peroxide is used especially as a chemical 
oxidant in pumping stations and long, flat sewers. Given the nature of the anaerobic conditions, 
slow flow rate, and long retention time of the main inflow pipe as described to the investigators, 
the situation at hand would be expected to have similar septicity characteristics to that of a long, 
flat sewer, therefore justifying the use of hydrogen peroxide and making it soluble in solution. 
Metcalf and Eddy (2003) also comments that pilot-plant studies must be conducted when 
oxidizing agents are used to assess both the effectiveness and required dosages necessary for 
successful prevention of the organic VF As. 
Cost is an important factor when considering the use of hydrogen peroxide. It usually 
costs more and is less available than chlorine, a selective disinfection alternative discussed later 
in this report. However, it is less expensive than treatment with ozone. Combinations of these 
oxidizing agents are also other options, but are probably more complex than is necessary for this 
endeavor. Sercombe ( 1995) says that the use of hydrogen peroxide has decreased, most likely 
due to its costs and handling risks. 
Potassium Permanganate (KMn04) 
Potassium permanganate (KMn04) is an oxidizing agent widely used throughout the water 
industry. While it is not considered a primary disinfectant, potassium permanganate has an effect on 
the development of a disinfection strategy by serving as an alternative to pre-chlorination or other 
oxidants at locations in a treatment plant where chemical oxidation is desired for control of color, 
taste and odor, and algae. The primary mode of pathogen inactivation by potassium permanganate is 
direct oxidation of cell material or specific enzyme destruction 
Application of potassium permanganate results in the precipitation of manganese dioxide 
(Mn02). This mechanism represents an additional method for the removal of microorganisms from 
potable water (Cleasby et al., 1964). In colloidal form, the manganese dioxide precipitant has an 
outer layer of exposed OH groups. These groups are capable of adsorbing charged species and 
particles in addition to neutral molecules (Posselt et al., 1967). As the precipitant is formed, 
microorganisms can be adsorbed into the colloids and settled. 
Potassium permanganate may be added as an oxidation agent for raising the oxidation 
potential. It has the advantage that it acts as an oxidizer under both acidic and alkaline 
conditions. Generally, the pH of fresh sewage is close to neutral unless excessive trade 
discharges occur or septicity has been allowed to develop. KMn04 reacts as follows: 
Alkaline/Neutral Conditions: Mn04- + 2H20 + 3e- ~ Mn02 + 40H-
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The manganese dioxide produced (Mn02) is a black precipitate that, if not removed by a 
suitable solid-liquid separation process, will create black precipitate deposits in the system. The 
kinetics of the oxidation reactions involving permanganate tend to be more rapid with increasing 
pH values. Hence, in some cases, the addition of a base prior to filtration may be desirable to 
hasten the reduction of permanganate. 
Although potassium permanganate has many potential uses as an oxidant, it is a poor 
disinfectant (US EPA, 1999). Potassium permanganate is highly reactive under conditions found in 
the water industry. It will oxidize a wide variety of inorganic and organic substances. Potassium 
permanganate (Mn 7+) is reduced to manganese dioxide (Mn02) (Mn 4+) which precipitates out of 
solution (Hazen and Sawyer, 1992). All reactions are exothermic. Reaction rates for the oxidation of 
constituents found in natural waters are relatively fast and depend on temperature, pH, and dosage. 
Alkaline conditions enhance the capability of potassium permanganate to oxidize organic 
matter; however, the opposite is true for its disinfecting power. Typically, potassium permanganate 
is a better biocide under acidic conditions than under alkaline conditions (Cleasby et al., 1964 and 
Wagner, 1951 ). pH is the major factor affecting disinfection effectiveness with potassium 
permanganate. As such, natural waters with pH values of 5.9 or less would be conducive to 
potassium permanganate disinfection, particularly as a substitute for prechlorination. In general, 
disinfection effectiveness of potassium permanganate increases with decreasing pH. Also, higher 
temperatures slightly enhance bactericidal action of potassium permanganate. 
The presence of oxidizable organics or inorganics in the water reduces the disinfection 
effectiveness of this disinfectant because some of the applied potassium permanganate will be 
consumed in the oxidation of organics and inorganics. Permanganate oxidizes a wide variety of 
inorganic and organic substances in the pH range of 4 to 9. Under typical water conditions, iron and 
manganese are oxidized and precipitated and most contaminants that cause odors and tastes, such as 
phenols and algae, are readily degraded by permanganate (Hazen and Sawyer, 1992). 
In utilizing potassium permanganate, caution should be taken to prevent overdosing. If 
overdosing occurs, excess manganese will pass through the treatment plant. Proper dosing should be 
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maintained to ensure that all of the permanganate is reduced (i.e., forming Mn02 solids) and removed 
from the plant upstream of, or within, any filters. 
Overdosing of permanganate is generally corrected by settling the excess Mn02 solids in a 
settling basin. This basin could potentially be in the wwtp. Removal of the excess permanganate can 
be monitored qualitatively by observing the disappearance of the pink color characteristic of 
permanganate. In general, potassium permanganate does not interfere with other treatment processes 
or plant conditions. 
The space requirements for permanganate feed equipment vary depending on the type and 
size of feed system. Dry feed systems require about half the floor area of batch systems because 
batch systems typically have two dissolving tanks for redundancy. However, the head space 
requirements are greater for dry feed systems where the storage hopper and dust collector are stacked 
on top of the dry feeder (Kawamura, 1991). On-site storage of potassium permanganate also 
warrants some consideration. Per OSHA requirements, oxidants such as permanganate should be 
stored separate from organic chemicals such as polymers and activated carbon. 
Potassium permanganate is commercially available in crystalline form. It is either fed 
into solution directly using a dry chemical feeder or a concentrated solution is prepared onsite 
from which the desired dose is metered into the water. 
KMn04 solution is made up of dry crystalline permanganate solids added to make-up water. 
It is then stirred to obtain the desired permanganate concentration. Potassium permanganate is only 
supplied in dry form. A concentrated KMn04 solution (typically 1-4 %) is generated on-site for water 
treatment applications; the solution is pink or purple in color. KMn04 has a bulk density of 
approximately 100 lb/ft3 and its solubility in water is 6.4 g/mL at 20°C. Because of its tendency to 
give the water a pink color, maintaining a residual of KMn04 is not desirable. 
Depending on the amount of permanganate required, these solutions can be made up in batch 
modes, using dissolver/storage tanks with mixers and a metering pump for small feed systems. 
Larger systems will include a dry chemical feeder, storage hopper and dust collector configured to 
automatically supply permanganate to the solution dissolver/storage tank. 
Pure KMn04 is nonhygroscopic but technical grades will absorb some moisture and will have 
a tendency to cake together. For systems using dry chemical feeders, a free-flowing grade is available 
that contains anticaking additives (Hazen and Sawyer, 1992). 
Potassium permanganate is a strong oxidizer and should be carefully handled when preparing 
the feed solution. No byproducts are generated from making the solution. However, this dark 
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purple/black crystalline solid can cause serious eye injury, is a skin and inhalation irritant, and could 
be fatal if swallowed. 
Potassium permanganate levels that may be required to obtain primary or secondary 
disinfection could be cost prohibitive. However, potassium permanganate is may be used to achieve 
a variety of other purposes including: 
• Oxidation of iron and manganese; 
• Oxidation of taste and odor compound; 
• Control of nuisance organisms; and 
• Control of disinfectant byproduct (DBP) formation. 
Potassium permanganate may play a role in disinfection and DBP control strategies in water 
treatment. Potassium permanganate could be used to oxidize organic precursors at the head of the 
treatment plant, minimizing the formation of byproducts at the downstream disinfection stage of the 
plant (Hazen and Sawyer, 1992). 
Murray and Sims ( 1979) says that potassium permanganate is an expensive form of 
combined oxygen and this, together with expensive handling and dissolution costs similar to 
those of sodium nitrate and the additional pollution added as manganese, has precluded previous 
interest. No instances, even of trials, were known as taking place to Sercombe (1995). A 
summary of KMn04 use follows below. 
Table 1.3: Summary ofKMn04 use. Adapted from US EPA (1986). 
Consideration Description 
Supplied in dry form in buckets, drums, & bulk. On-site generation of 
Generation solution is required using chemical mixinq and feedinq equipment 
Primary uses Control odor, taste, & bioloqical growth; remove color, Fe & Mn 
Not a good disinfectant. Can better serve as an alternative to chlorine or 
Inactivation efficiency other disinfectants where chemical oxidation is desired. 
Post-treatment chlorination will typically result in lower DBP 
Byproduct formation concentrations than would otherwise occur from traditional chlorination. 
Not a good disinfectant; primarily used to minimize chlorine usage & 
Limitations byproduct formation. 
Points of application Acceptable for raw ww. Make sure to add upstream of any filters. 
Special considerations Caution should be taken to prevent overdosinq. 
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Nitrate Addition 
Nitrate is another option to improve the redox potential of the septic wastewater. It may 
be added in the form of calcium nitrate. The addition of calcium nitrate modifies the condition 
of the wastewater from anaerobic to anoxic with the oxygen bound in the nitrate that provides a 
source of oxygen to the reducers ( denitrifiers) (Aussie Mike, 2003 ). A shift occurs from a 
population of anaerobic bacteria to a population that suppresses anaerobic activity when nitrate is 
added to septic sewage. Also, the addition stimulates bacteria that are able to utilize nitrate to 
deter the presence of sulfide (Bentzen et. al., 1995). 
The introduction of nitrate increases the redox potential and the mechanism of 
denitrification takes place with the release of nitrogen gas. Five electrons are required to go 
from the oxidized form of nitrogen (nitrate) through to nitrogen gas. These are provided by 
carbon sources in the sewage (Sercombe, 1995). The equation below represents this reaction. 
When added to the system, the nitrate is used as an alternative electron acceptor (and 
oxygen provider) by facultative denitrifying bacteria naturally present in sewer systems. Such 
bacteria include many bacilli and pseudomonades, in particular, which act as denitrifiers. 
Denitrification occurs stepwise when nitrate (N03-) is reduced to nitrogen gas (N2) via 
intermediates including (N02-), nitric oxide (NO) and nitrous oxide (N20) (Bentzen et. al., 1995). 
If flow, temperature, and other characteristics of the sewage are variable, controlling 
nitrate dosing is necessary to achieve consistent control of septicity. This control is especially 
important if nitrate must be prevented from breaking through to the wwtp (Bentzen et. al., 1995 
& Aussie Mike, 2003). Sercombe (1995) notes that the use of nitrate has increased the control of 
anaerobic conditions. 
The redox potential of water can also be increased by adding an oxidant weaker than 
oxygen. Nitrates are often dosed into sewers to increase the redox potential to values where · 
VF A and hydrogen sulfide formation does not occur. Nitrates are easier to handle as either a 
solid or a solution. All nitrate compounds are highly soluble and not very corrosive, thus 
eliminating most problems with stronger oxidants. The most commonly dosed form is calcium 
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nitrate. In solid form this is usually Ca(N03)*4H20. High dosages required make this less cost 
effective than stronger oxidants. 
Recommended Resources 
Additional case studies relating to the injection of oxygen in sewer systems and the use of 
other oxygen sources, such as H202 and N03- may be found in Sercombe (1995) included in the 
appendix to this report. These case studies include discussion about dosing, dosing methods 
(including how to apply them in pump stations), successes, challenges, failures, and special 
considerations for the projects. Practical dosages of such chemicals are included in Table 1.4. 
Table 1.4: Practical dosages of chemicals for septicity control. Adapted from US EPA (1998). 
Chemical Practical Dose References 
Hydrogen Peroxide 1.5 parts by weight of H20 2 to 1 part H2S Murray & Sims 1979 
25-170 parts Cl2 to 1 part H2S Murray & Sims 1979 
Chlorine up to 150 mg Cl2/L Boon & Skillet 1979 
Oxygen DO maintained above 0.2 mg/L Boon & Skillet 1979 
150 mg/L NaN03 to 10-15 mg/L sulfide Murray & Sims 1979 
Nitrate 556 mq NaN03/L sewage Markall & Staufert 1992 
50 mg ferric iron/L sewage plus 16 mg N03/L 
Ferric Sulfate/Nitrate sewage Markall & Staufert 1992 
As mentioned above, US EPA (1985) and Tanaka (1985) are also recommended for 
review by the reader and are included in reference section. US EPA ( 1985) contains useful case 
studies. 
Conclusion 
Improving the redox potential is an important treatment option to consider for preventing 
anaerobic conditions and their ensuing VF As in the main inflow interceptor. Specific methods 
that incorporate redox potential include air injection, hydrogen peroxide dosing, and nitrate 
dosing. Each has advantages and disadvantages as outlined above and in the matrix below. 
These must be kept in mind while evaluating the other treatment options, such as selective 
disinfection and pH control and sewer cleaning, when choosing the best method to prevent the 
problematic anaerobic conditions. As explained above, air injection is viewed as the most 
preferable method for increasing redox potential. 
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Section II: Selective Disinfection 
Disinfection may be defined as the partial destruction of disease-causing (or in this case, 
VOA-causing anaerobic) organisms. Not all of the organisms may be destroyed in the process, 
but a significant amount of them will be killed to reduce VOA production. 
Tchonobanoglous et al. (2003) provides a summary table of the characteristics of an ideal 
disinfectant. These qualities should be considered when evaluating which disinfection approach 
should be used. It is also important that the disinfectant be safe to handle and apply, and that its 
strength or concentration in treated waters be measurable. The latter consideration is an issue 
with the use of ozone and UV disinfection where no residual is measured. 
The effectiveness of disinfectants will be influenced by the type, nature, and condition of 
microorganisms. Also, the nature of the suspending liquid must be evaluated. For instance, the 
presence of suspended matter will reduce the effectiveness of disinfectants by absorption of the 
disinfectant and by shielding entrapped bacteria. Contact time is one of the most important 
variables in the disinfection process as the disinfectant must have an adequate chance to combat 
the bacteria. Table 2.1 below outlines the characteristics of an ideal disinfectant. 
Table 2.1: Characteristics of an ideal disinfectant. Adapted from Tchobanoglous et al. (2003). 
Characteristic Properties/Response 
1. Should be available in large quantities and 
1. Availability reasonably priced 
2. DeodorizinQ ability 2. Should deodorize while disinfectinQ 
3. HomoQeneity 3. Solution must be uniform in composition 
4. Should not be absorbed by organic matter other 
4. Interaction with extraneous material than bacterial cells 
5. Noncorrosive and nonstaining 5. Should not disfigure metals or stain clothing 
6. Should be toxic to microorganisms and nontoxic 
6. Nontoxic to higher forms of life to humans and other animals 
7. Should have the capacity to penetrate through 
7. Penetration surfaces 
8. Safety 8. Should be safe to transport, store, handle & use 
9. Solubility 9. Must be soluble in water or cell tissue 
10. Should have low loss of germicidal action with 
10. Stability time on standing 
11. Toxicity to microorganisms 11. Should be effective at high dilutions 
12. Toxicity to ambient temperatures 12. Should be effective in ambient temperature range 
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Chlorine (Ch) or Hypochlorite (OCr) to Combat Anaerobic Activity 
Oxidizing chemicals are some of the most common disinfectants, and chlorine is the one 
used most universally. It a strong oxidant and is the most widely used toxicant to control 
filaments because it is relatively inexpensive and available onsite at most plants. It is also the 
most widely used because it satisfies most of the characteristics of an ideal disinfectant above in 
Table 2.1. Chlorine is used by more than 50% of wwt plants. 
Provided adequate mixing is achieved and application is sufficient in quantity to develop 
a free chlorine residual in the solution being treated, chlorine can be used to combat bacteria and 
viruses. The goal of chlorination in this endeavor is to use is to expose the anaerobic bacteria to 
sufficient chlorine to eliminate anaerobic bacteria, and, in-turn, their problematic amounts of 
volatile organic acids (VOAs) they contribute to filamentous bulking in the Sioux City wwtp. 
The use of sodium hypochlorite, rather than chlorine gas, is becoming more common 
because of the safety concerns related to handling and storing liquid chlorine. Many of the 
safety concerns related to the transport, storage, and feeding of liquid-gaseous chlorine are 
eliminated by the use of either sodium (NaOCl) or calcium hypochlorite (Ca(OC1)2). 
Microscopic examinati.on of the outfall's wastewater during chlorination is recommended 
to control chlorine application. Chlorine effects include a loss of intracellular sulfur granules (in 
any filaments present that may have these); cell deformity and cytoplasm shrinkage; and finally 
cell lysis. 
The following discussion is based on an adaptation of Tchobanoglous et al. (2003). 
Factors that affect the disinfection efficiency of chlorine include initial mixing, the 
chemical characteristics of the wastewater, the impact of particles found in wastewater, particles 
with coliform organisms, and the characteristics of the microorganisms in the wastewater. Initial 
mixing is crucial to the success of chlorine disinfection. The quantity and size distribution of 
particles can affect the bacteria kill. A larger quantity and a greater size can lessen the effect of 
the chlorine on bacteria. Coliform organisms in particles can affect disinfection in a similar 
manner. Finally, the type, characteristics, and age of microorganisms may affect disinfection, 
with older organisms usually being more resistant to attempts at disinfection. 
Chlorine can be applied from a chlorinator using chlorine gas feed or as a liquid 
hypochlorite. A separate chlorinator should be dedicated to bulking control and an independent 
rotameter and sampling point in this chlorine line is needed. Therefore, it may be useful to 
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chlorinate at each point in the outfall where significant anaerobic growth is concentrated. The 
chlorine addition point is of most importance and should be at a point where the problematic 
anaerobic organisms are concentrated, raw wastes are at a minimum, and at a point of good 
mixing. Because lift stations may provide some inadvertent mixing (and anaerobic problems are 
often located near them, especially in areas where differential flow levels are common), these 
may be good locations at which to dose. Otherwise, poor initial mixing results in the 
consumption of large amounts of chlorine without combating the anaerobic organisms. 
When using chlorine disinfection for wastewater, the principal parameters that can be 
measured, apart from environmental variables such as pH and temperature, are the number of 
organisms and the chlorine residual remaining after a specified period of time. The two most 
important parameters to monitor in chlorine disinfection are chlorine dosage and frequency of 
exposure of the areas of anaerobic activity in the outfall to chlorine. 
The flow of wastewater through the chlorine contact area may be metered by means of a 
magnetic meter, Parshall flume, or flow tube. Control devices for chlorination in direct 
proportion to the flowrate may be operated from these meters or from the main plant flowmeter 
using an analog flow signal transmitter. Final determination of the success of chlorine contact 
should be based on samples taken and analyzed using standard laboratory procedures to correlate 
chlorine residual and the MPN of coliform or other indicator organisms. 
Ideally, the anaerobic organisms should be exposed to the chlorine three times daily, 
although the needed frequency is a function of the relative growth rates and efficiencies of kill. 
Success has been achieved at frequencies as low as once per day, however, not below this. 
When chlorine in the form of Cb gas is added to water, two reactions take place: hydrolysis and 
ionization. 
The hydrolysis reaction is: 
Cb+ H20 ~ HOCl + H+ +er 
This reaction has an equilibrium constant, KH = 4.5 x 10-4 (mol/L )2. The magnitude of the 
equilibrium constant indicates that large quantities of chlorine can be dissolved in water. 
The ionization reaction is as follows: 
HOCl ~ H+ + ocr 
The ionization constant, Ki = 3 x 10-8 mol/L, and has a direct relationship to temperature (see 
Table 2.2 below). 
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Table 2.2: Values of Ki for HOCl at different temperatures. Adapted from Tchonobanoglous et 
al. (2003) as computed from Morris (1966). 
Temperature Temperature K1x10H 
(oC) (oF) (mol/L) 
0 32 1.5 
5 41 1.7 
10 50 2 
15 59 2.3 
20 68 2.6 
25 77 2.9 
Practical doses of chlorine can be found in the table of typical dosages presented in 
Section I. 
Chlorination using chlorine or sodium hypochlorite is probably one of the oldest forms of 
septicity control. The reaction of chlorine with hydrogen sulfide results in the oxidation of 
sulfide to sulfur or sulfate according to the pH. Colloidal sulfur is produced at low pHs and 
sulfate at higher ones. Conditions in the sewer are likely to be such that oxidation to sulfate 
takes place. The reaction is as follows: 
However, the high chlorine demand of septic sewage and concern about the formation of 
chlorinated compounds seems to be causing doubt about its future use. 
A variety of serious issues are associated with the use of chlorine. Accidental release is an 
important concern because it is toxic to humans and the environment. Many facilities now 
manufacture chlorine to avoid the risks associated with transporting and storing it. Additional 
concerns the Sioux City wwtp should consider include (these are most likely not significantly 
different from those that the wwtp already considers): 
• Chlorine reacts with the organic constituents in wastewater to produce odorous 
compounds. 
63 
• Chlorine reacts with the organic constituents in wastewater to produce byproducts, many 
of which are known to be carcinogenic and/or mutagenic. 
• Care must be taken so that a toxic residual of chlorine is not carried into the wwtp that 
would damage its biomass or pass through in the wwtp effluent and harm aquatic life. 
• A need for concern may exist for the discharge of chloro-organic compounds to the 
environment whose long-term effects are not known. 
• The storage of chlorine should involve the careful selection of a chlorine vessel. This 
selection depends on an analysis of the rate of chlorine usage, cost of chlorine, facilities 
requirements, and the dependability of the supply. 
Another issue associated with chlorination is acid generation. The hydrochloric acid (HCl) 
formed during chlorination will react with the alkalinity of the wastewater, and the pH drop will 
usually be slight. 
Additionally, disinfection byproducts (DBPs) are an important concern to consider when 
using chlorine. Care must be taken to ensure that remain chlorine residuals will not 
detrimentally impact the wwtp or the environment exposed to the effluent of the plant. 
Many of the safety concerns related to the transport, storage, and feeding of liquid-gaseous 
chlorine may be avoided by the using either sodium (NaOCl) or calcium hypochlorite (Ca(OC1)2). 
Adding the hypochlorite salts is also a way of adding free available chlorine to water, which is 
discussed later. 
Sodium hypochlorite is only available as a liquid and usually contains 12.5-17% available 
chlorine. It may also be manufactured onsite, but such generation systems are highly complex 
and have a high power cost and have, therefore, been used rarely. It decomposes more readily at 
high concentrations and is affected by exposure to light and heat. Tchonobanoglous et al. (2003) 
says that a 16. 7% solution stored at 80°F will lose 10% of its strength in 10 days, 20% in 25 days, 
and 30% in 43 days. Therefore, it must be stored in a cool location in a corrosion-resistant tank. 
NaOCl also has a high cost and may be 150-200% of the cost of liquid chlorine. 
Calcium hypochlorite may be obtained in dry or wet form. High-test Ca(OC1)2 contains at 
least 70% available chlorine. If in granular or pellet form, it is readily soluble in water, varying 
from about 21.5g/100mL at 32°F to 23.4g/100mL at 104°F. Disadvantages include that 
hypochlorite is more expensive than liquid chlorine, loses its available strength on storage, and 
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may be difficult to handle. In addition, Ca(OC1)2 has a tendency to crystallize, which may cause 
it to clog metering pumps, piping, and valves. It is used most commonly at small facilities. 
The hypochlorite compounds undergo the following reactions in water: 
Ca(OC1)2 + 2H20 ~ 2HOC1 + Ca(OH)2 
NaOCl + H20 ~ HOCl + NaOH 
In this way the addition of the hypochlorite salts above adds free available chlorine to 
water. As can be seen, both sodium and calcium hypochlorite hydrolyze to form hydrochlorous 
acid (HOCl). 
Free available chlorine refers to the total quantity of HOCl and ocr present in water. 
Available chlorine is used to compare the oxidizing power of chlorine compounds. Some of 
these used as disinfectants, that are discussed in this report, are included in Table 2.6 in the 
appendix to this section. The relative distribution of these species is very important because the 
killing efficiency of HOCl is about 40 to 80 times that of OCr. The percentage distribution of 
HOCl at various temperatures may be computed using Table 2.2 and the equation below. 
[HOCIJ 
[HOCI] + [OCr] 
The percent actual and available chlorine can be used to compare the effectiveness of 
compounds containing chlorine. Free chlorine is most effective in a pH range of 5-7 where 
HOCl is in the predominant form. Effectiveness decreases with increasing pH. Higher chlorine 
concentrations may be required to ensure adequate disinfection when the pH is high (Edstrom 
Industries, Inc., 2004). 
Table 2.3: Actual and available chlorine in compounds containing chlorine. Adapted from 
Tchobanoglous et al. (2003). 
Actual Available 
Compound chlorine% chlorine% 
Cl2 100 100 
Ca(OClh 49.6 99.2 
NaOCI 47.7 95.4 
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The maintenance of a residual (combined or free) for the purpose of wastewater 
disinfection is complicated because free chlorine not only reacts with ammonia, but it is also a 
strong oxidizing agent. Breakpoint chlorination is the process whereby enough chlorine is added 
to react with all oxidizable substances such that if additional chlorine is added it will remain as 
free chlorine. The main reason for adding enough chlorine to obtain a free chlorine residual is 
that effective disinfection can usually then be assured. A chlorine residual of 5 ppm is 
recommended (Edstrom Industries, Inc., 2004). 
Signs of overchlorination include a milky turbulence of the wastewater downstream from 
the chlorination point, a loss of other life forms in the wastewater, and an increase in suspended 
solids (resources conflict on how much of an increase---some say low, some say high). 
Microscopic examination of the outfall wastewater and wwtp water is recommended during 
chlorination is recommended. This observation is needed to control chlorine application so that it 
does not overwhelm the desired organisms in the wwtp or support a residual high enough to 
potentially damage aquatic life exposed to the effluent of the wwtp. Such exposure would make 
additional dechlorination measures needed at the wwtp. 
Ozone (03) as a Disinfectant and Oxygen Source 
Ozone (03) is the most powerful oxidizing agent. Its ability to decompose rapidly and 
not producing a persisting residual that may require removal is seen as an advantage over 
chlorine. It has the disadvantage of being an unstable gas and must be generated onsite. Ozone 
is produced by electrolysis, photochemical reaction, or radiochemical reaction by electrical 
discharge. Ozone is often produced by ultraviolet light and lightning during thunderstorms. The 
electrical discharge method for the generation of ozone is usually used in water and wastewater 
applications. Ozone is a highly effective disinfectant, and its use is increasing even though it 
leaves no residual (which is often seen as being an advantage). 
Even though it has an odor that can be detected before health concerns usually develop 
elaborate safety precautions and monitoring are required because it is extremely toxic. For these 
reasons, high costs are associated with its use. The long-term exposure limit is 0.1 ppm (0.2 
mg/m3) at 25°C. Nevertheless, it is excellent for controlling odors from within sewerage 
structures as described in the Caister case study in Sercombe (1995). The stability of ozone is 
greater in air than in water, but in both cases on the order of minutes. 
Reactions for ozone in water are as follows: 
03 + H20 ~ H03+ +Off 
H03+ +OH-~ 2H02 
03 + H02 ~ HO+ 202 
HO+ H02 ~ H20 + 02 
The free radicals formed in these reactions, H02 and HO, have great oxidizing powers and are 
probably the active form in the disinfection process. These free radicals also possess the 
oxidizing power to react with other impurities in aqueous solutions. 
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A complete ozone disinfection system is comprised of a power supply, facilities for the 
preparation of the feed gas, ozone generation facilities, facilities for contacting the ozone with 
the liquid to be disinfected, and facilities for the destruction of off-gas. US EPA (1986) provides 
a good schematic of an ozone disinfection system. 
The major power requirement for the ozone disinfection system is the conversion of 
oxygen into ozone. This requirement may range from 3-9 kWh/lb. 0 3. Ozone can be generated 
using air, oxygen-enriched air, or high-purity oxygen. If air is used for ozone generation, it must 
be conditioned by removing the moisture and particulate matter before being introduced into the 
ozone generator. 
Because ozone is chemically unstable, it decomposes to oxygen very rapidly after 
generation, and thus must be generated onsite. The most efficient method for producing ozone is 
by electrical discharge. Ozone is generated from either air or high-purity oxygen when a high 
voltage is applied across the gap of narrowly spaced electrodes. The gas stream generated by 
this process from air will contain about 1-3 % ozone by weight; and from pure oxygen, about 
three times that amount, or 3-10 % ozone with the latest ozone generators. 
The concentration of ozone generated from either air or pure oxygen is so low that the 
transfer efficiency to the liquid phase is an extremely important economic consideration. For 
this reason, deep and covered contact chambers are normally used. Additionally, the required 
ozone dosage must be increased to account for the transfer of the applied ozone to the liquid 
using the equation below. Ozone transfer efficiencies typically range from 80-90 %. 
Total required dosage (mg/L) =Transferred ozone dose mg/L * 100/transfer efficiency% 
Tchonobanoglous et al. (2003) provides typical values for ozone demand for various 
wastewaters. In most cases, pilot-scale studies will be needed to establish required dosage 
ranges for the particular application. 
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The off-gases from the contact chamber must be treated to destroy any remaining ozone 
because of its toxicity and irritability. When ozone is destroyed, the product is pure oxygen, and 
could be recycled into the wastewater stream if pure oxygen is being used to generate the ozone. 
Ozone is an extremely reactive oxidant, and it is generally believed that bacterial kill 
through ozonation occurs directly because of cell lysis (cell wall disintegration). Ozone is also a 
very effective viricide and is generally believed to be more effective than chlorine. Ozonation 
does not produce dissolved solids and is not affected by the ammonium ion or pH influent to the 
process. For these reasons, ozonation is considered as an alternative to either chlorination or 
hypochlorination, especially where dechlorination may be required and high-purity oxygen 
facilities are available. 
DBPs are also a concern when using ozone, as ozone residuals can be acutely toxic to 
aquatic life. However, because ozone dissipates rapidly, ozone residuals will normally not be 
found in significant concentrations by the time the water would make it to the wwtp or its 
discharge effluent. Evidence exists that ozonation may produce some toxic mutagenic and/or 
carcinogenic compounds. However, these compounds are usually unstable and are present only 
for a matter of minutes in the ozonated water. An outline compares the mechanisms of chlorine 
disinfection versus those of ozone below. 
Table 2.4: Mechanisms of disinfection using chlorine & ozone. Adapted from 
Tchobanoglous et al. (2003). 
Chlorine Ozone 
1. Direct oxidation/destruction of cell wall with 
1. Oxidation leakage of cellular constituents outside of cell 
2. Reactions with radical byproducts of ozone 
2. Reactions with available chlorine decomposition 
3. Protein precipitation 3. Damage to the constituents of the nucleic acids 
4. Modification of cell wall 4. Breakage of carbon-nitrogen bonds leading to 
permeability de polymerization 
5. Hydrolysis & mechanical disruption 
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High or Low pH 
Tchobanoglous et al. (2003) says that highly acid or alkaline water can also be used to 
destroy pathogenic bacteria, because water with a pH greater than 11 or less than 3 is relatively 
toxic to most bacteria. With cautioned concern for the bacteria in the wwtp downstream from the 
outfall, perhaps this would also be an alternative to consider. 
More than likely, a low pH is unacceptable to the integrity of the outfall materials. 
However, an occasional alkaline flush with a sodium hydroxide solution is another possible 
approach to disinfecting the system to remove anaerobic organisms responsible for VF A 
production. Alkaline flushing is explored more in the next section of this report. 
Conclusion 
The best approach is to investigate the long-term control methods suitable for a wwtp to 
arrive at long-term, trouble free operation. When choosing a disinfection method, it is important 
to realize that the characteristics of each wastewater and the degree of treatment will 
significantly impact the effectiveness of the various disinfection technologies. Site-specific 
testing must be conducted to evaluate the effectiveness of alternative disinfection technologies 
and to establish appropriate dosing ranges (Tchonobanoglous et al., 2003). 
A table summarizing the advantages and disadvantages of chlorine, potassium 
permanganate, and ozone disinfection is included below to serve as an aid to the reader when 
evaluating which disinfection method is best for the application at hand. Because of the wide 
variation of system size, water quality, and dosages applied, some of these advantages and 
disadvantages may not apply to a particular system. The table is based on one presented in 
Tchonobanoglous et al. (2003). 
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Section II Appendix 
Included below is a table (Table 2.6) summarizing and comparing the ideal and actual 
characteristics of commonly used disinfectants as described in Table 2.1 . 
Table 2.6: Comparison of ideal & actual characteristics of commonly used disinfectants. 
Adapted from Tchobanoglous et al. (2003). 
Characteristic I Chlorine 
II Sodium 
Hypochlorite 
II Calcium 
Hypochlorite 
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Section III: pH Control and Cleaning of Sewers for Attached Bacterial 
Growth Removal 
Maintaining control over the pH and cleaning the sewer for attached bacterial 
growth removal is another possible treatment option for the Sioux City Wastewater 
Treatment Plant to pursue. These measures could help to remedy the problematic 
anaerobic biological activity that is believed to be generating the volatile fatty acids 
(VF A) in the collection main inflow interceptor to the wastewater treatment plant (wwtp ). 
Techniques that may be used to accomplish these goals include lime 
(Ca(OH)2)/calcium carbonate (CaC03) sludge/sodium hydroxide (NaOH) dosing to 
maintain a pH greater than 8; intermittent alkaline flush; removing deposits of debris and 
silt with occasional high flushing; and mechanical cleaning. A high pH helps to create an 
environment that halts or substantially retards microbial reactions that can otherwise lead 
to odor production and vector attraction. The removal of debris and silt and the 
prevention of their return helps to rid the interceptor of areas favorable for anaerobic 
activity. 
Lime/CaC03 Sludge/NaOH Dosing to Maintain pH> 8 and Intermittent Alkaline 
Flush 
One of the problematic consequences associated with anaerobic conditions in 
wastewater collection systems is sulfur production. This is because an increase in pH 
will reduce the proportion of dissolved H2S in the H2S - HS- equilibrium. Because 
dissolved H2S is the only form which can be released to the atmosphere, the pH would 
reduce odors and corrosion by maintaining the dissolved sulfides in the HS- form (US 
EPA, 1985). 
Continuous addition of strong alkalies for maintenance of a high pH is generally 
not practical in collection systems. Tributary flows and production of C02 and organic 
acids from biological action will tend to lower the pH. A drop of 0.5 pH units could 
result in substantial release of H2S to the atmosphere (US EPA, 1985). 
Both sodium hydroxide (NaOH) and lime (Ca(OH)2) have been used for shock 
dosing of sewers in an attempt to inactivate the sulfide-generating slime layer, according 
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to Pomeroy et al. (1985) and US EPA (1974). Pomeroy ei al. (1985) also provides 
information on the recovery of sulfide buildup capacity with time after shock dosing with 
sodium hydroxide. The time required for 100 percent of normal sulfide buildup ranged 
from several days to two weeks, depending on the NaOH dosage and the initial pH 
achieved. No detrimental downstream effects were observed with this practice. 
However, use of large quantities of lime could result in accumulation of CaC03 
incrustations of the pipe (US EPA, 1985). 
Calcium carbonate is a cheaper, if less effective option, due to the low solubility 
of calcium carbonate. However, it is available as a waste product from drinking water 
treatment and adding this as a waste slurry may be an economical possibility to be 
investigated in future. 
Shock addition of strong alkalies has been shown to be effective in temporary 
inactivation of the slime layer. However, US EPA (1985) notes that continuous addition 
to prevent H2S release would not appear to be practical due to potential downstream pH 
depression from biochemical production of organic acids and C02 and tributary flows of 
normal pH. 
A high pH helps to create an environment that halts or substantially retards 
microbial reactions that can otherwise lead to odor production and vector attraction. 
When lime is used in sufficient quantity, it can help to achieve a pH of 12 or higher. 
Putrefaction, odors, and health hazards may be avoided as long as the pH is maintained at 
this level for some time. Also, viruses, bacteria, and other microorganisms may be 
inactivated. In this way, alkaline material may be used to make conditions unfavorable 
for the survival of microorganisms (Tchobanoglous et al., 2003). 
The choice of chemical should depend on its suitability for a particular application 
and economic considerations. Lime can be purchased as quicklime or slaked hydrated 
lime, high-calcium or dolomitic lime, and in several physical forms. It is used to 
neutralize acidic wastewater. Limestone and dolomitic limestone are cheaper but less 
convenient to use and slower in reaction rate. Because they can become coated in certain 
waste treatment applications, their use is limited. Another consideration to make is that 
calcium and magnesium chemicals form sludges that require disposal (van Leeuwen, 
2001; Tchobanoglous et al., 2003). van Leeuwen (2001) has estimated the production of 
Chem. 
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such lime sludges from water softening operation to amount to about 100,000 tons/yin 
Iowa and millions of tons in the central USA. Neutralization of wastewater would be one 
of the many good applications of this resource. Table 3 .1 shows requirements for some 
of these chemicals used in wastewater treatment. 
Table 3.1: Handling, storage, and feeding requirements for various chemicals used in 
wwtp. Adapted from Tchobanoglous et al. (2003). 
Feeding 
Form 
Metering 
Metering 
Handling 
Materials Notes 
Cheaper, but 
somewhat less 
convenient. 
Most widely 
used chemical. 
Lime can be 
urchased. 
Maintaining a high pH level with the addition of an alkaline material, usually lime, 
can help to destroy pathogenic organisms. An advantage of alkaline stabilization is that a 
rich soil-like product results with substantially reduced pathogens. A disadvantage is that 
the product mass is increased by the addition of the alkaline material. Some alkaline 
stabilization processes are capable of producing a Class A sludge once they have 
proceeded down the line and undergone the wastewater treatment process. This can 
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achieve good attenuation in terms of pathogens, and fair in terms of putrefaction and odor 
potential (Tchobanoglous et al., 2003). 
When quicklime (CaO) or any compound high in quicklime is added to sludge, it 
initially reacts with water to form hydrated lime. US EPA ( 1982) says that this reaction 
is exothermic and releases approximately 2.75 x 104 Btu/lb*mol. The reaction between 
quicklime and carbon dioxide is also exothermic, releasing approximately 7. 8 x 104 
Btu/lb*mol. These reactions can result in substantial temperature rise (Tchobanoglous et 
al., 2003). 
WEF (1998) shows that the use of lime involves the following reactions: 
Calcium: Ca2+ + 2HC03- + CaO ----+ 
Phosphorus: 
Carbon dioxide: C02 + CaO 
Reactions with organic contaminants: 
Acids: RCOOH+CaO RCOOCaOH 
Fats: Fat+ Ca(OH)2 glycerol + fatty acids 
How to dose the lime or sodium hydroxide is also an important consideration. 
Initially, lime addition raises the pH of the sludge. Then, reactions occur such as those in 
the above equations. If insufficient lime is added, the pH decreases as the reactions take 
place. Therefore, excess lime is required. Much more lime is generally required when it 
is used alone than when sulfate of iron is also used (Tchobanoglous et al., 2003). 
Compounds including carbon dioxide (C02) and organic acids may be produced that 
react with lime by biological activity. This would cause a decrease in pH, resulting in 
inadequate stabilization. Thus, it is important to inhibit such biological activity. Other 
problems including the emission of odorous, volatile off-gases, especially ammonia, may 
be encountered and require collection and treatment in odor-control systems such as 
chemical scrubbers and biofilters (Tchobanoglous et al., 2003). WEF (1995) provides a 
recommendation of lime dosage around 180-1020 lb. Ca(OH)2/ton of dry solids and 
averaging 400 in the same units to maintain a pH of 12 for 30 minutes when solids are 
around 1-4.5% and averaging 2.7% (Tchobanoglous et al., 2003). 
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Tchobanoglous et al. (2003) provides a useful discussion and diagrams of various 
chemical-feed systems. Liquid chemical-feed systems may be particularly advantageous 
because they provide better initial contact and dispersion of the chemical in wastewater 
and when dilution is not required, they are able to source liquid directly from the solution 
storage tank. A typical liquid chemical-feed system includes a solution storage tank, 
transfer pump, day tank for diluting the concentrated solution, and chemical-feed pump 
for distribution to the application point. The storage tank is designed based on the 
stability of the chemical used, feed rate requirements, delivery constraints, and the 
availability of supply. Positive-displacement solution feed pumps are usually used and 
allow for accurate metering of the chemical feed. 
Removal of Debris Deposits, Silt, and Attached Growth With Occasional Flushing 
Accumulation of sediments can cause numerous problems in wastewater 
collection systems. Such accumulation may result in septic conditions that create odor, 
corrosion, and anaerobic microorganism activity problems and provide an environment 
favorable for the production of VF As. This deposition can also lead to a loss of storage 
capacity that could cause surcharge or local flooding. Settled solids and other debris in 
sanitary sewers and wastewater collection systems can provide a greatly increased 
surface area upon which anaerobic sulfate reducing bacterial slime can grow, thereby 
increasing the incremental (per foot) sulfide production potential of sewers. However, 
solutions exist to remedy and prevent these problems including passive flushing, rodding, 
balling, flushing, poly pigs, and bucket machines (Fan et al. and US EPA, 1998). 
Sufficient shear forces must be present in sanitary sewer systems to avoid 
deposition of large particles. Ackers et al. (1996) says that design flow conditions should 
produce a minimum bed-shear stress of 0.042 lbf/ft2 on a flat bed with a Colebrook White 
roughness of 0.5 in. The American Society of Civil Engineers (ASCE) adds that the 
minimum velocity in a sanitary sewer that is full or half full should be around 1.97 ft/s 
(ASCE 1970). Other recommendations for shear criteria are provided in the table below. 
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Table 3.2: Minimum Shear Stress Criteria. Ackers et al. (1996). 
I I 
Minimum Shear 
Source Sewer Type Stress (lbf/ft2) 
Lyne (1969) Not noted 0.45-0.90 
ASCE (1970) Not noted 0.29-2.83 
Yao(1974) Storm 0.67-0.90 
Sanitary 0.22-0.45 
These criteria do not account for the characteristics of the sediment, the 
suspended sediment concentration, the bed load, or of any cohesion between the sediment 
particles. However, a minimum velocity of 3.28 ft.ls and a minimum shear stress level of 
and 0.45 lbf/ft.2 be realized on a regular basis. Researchers have shown that a single value 
of minimum velocity or shear stress cannot adequately describe the self cleansing 
conditions in all pipes of different size, roughness and gradient for a range of sediment 
characteristics and flow conditions. To achieve such self-cleansing performance, the 
following criteria apply: 
1. Flows equaling or exceeding a limit appropriate to the sewer should have the 
capacity to transport a minimum concentration of fine-grain particles in 
suspension (applicable for all types of sewerage systems). 
2. The capacity of flows to transport coarser granular material as bed-load should 
be sufficient to limit the depth of deposition to a specified proportion of the pipe 
diameter. This criterion generally relates to combined and storm water systems. 
Limit of deposition considerations, i.e., "no deposition" generally applies to 
sanitary sewer designs. In this context, there must be sufficient shear in sanitary 
systems to avoid deposition of large particles. 
3. Flows with a specified frequency of occurrence should have the ability to erode 
bed particles from a deposited granular bed that may have developed a certain 
degree of cohesive strength (applicable to all systems). 
Guidelines have been developed to meet these criteria (CIRIA, 1996), and are 
being adopted throughout Europe for the design of sewers to control sediment problems. 
Design criteria for the transport of fine grained material in suspension, the transport of 
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coarser sediments as bed load and the erosion of cohesive sediment deposits and 
guidelines on the minimum flow velocity and pipe gradient for different types and sizes 
of sewer are outlined. To account for the effects of cohesion (Criterion 3, above), the 
design flow condition should produce a minimum value of bed shear stress of 2.0 N/m2 
on a flat bed with a Colebrook White roughness of 1.2 millimeters (CIRIA, 1996 and US 
EPA, 1998). If collection systems have not been cleaned for more than ten years, two to 
four high flushes may be required in the first year to disrupt the deposits before the high 
flushing frequency may be reduced to one to two high flushes annually. 
Flushing of Wastewater Collection Systems 
Flushing of sewers has been a concern dating back to the Romans (Fan et al.). 
The concept of sewer flushing is to induce an unsteady wave by either rapidly adding 
external water or creating a "dam break" effect by quick opening a restraining gate. The 
goal here is to re-suspend, scour, and transport deposited pollutants to the sewage 
treatment facility during dry weather and/or to displace solids deposited in the upper 
reaches of large collection systems closer to the system outlet. In this manner, the 
deposition of solids, which could lead to areas of anaerobic activity that produce 
problematic VF As may be remedied and prevented. Passive flushing technology may be 
the best economical means of maintaining wastewater collection systems in a clean and 
free-flowing condition (US EPA, 1998). 
Several sources of water, including wastewater, storm water, and river water can 
be collected and stored in chambers or upstream sewers for release as a flush wave. As 
the flush wave travels down the sewer, the shear forces applied to the upper layer of the 
sediments exceeds the bonding strength of the solids, and eroded particles are moved 
downstream with the flow. In the process of traveling down the sewer, the upper layer of 
solids are removed and moved downstream with the flush water towards the wwtp (US 
EPA, 1998). 
Manual flushing methods usually involve discharge from a fire hydrant or quick 
opening valve from tank truck to introduce a heavy flow of water into the line at a 
manhole. Flushing removes floatables and some sand and grit, but is not very effective 
for removing heavy solids. Automated flushing equipment has emerged in France and 
Germany (Fan et al.), but is usually much more expensive than passive technologies. 
Innovative methods for cleaning accumulated sludge and debris in wastewater 
collection systems and storage tanks have emerged over the last 15 to 20 years by 
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creating high speed flushing waves to re-suspend deposited sediments. Pisano (1979) 
reports that research shows that small-volume flushing is capable of transporting organics, 
nutrients, and heavy metals a sufficient distance(> 1 OOOft.). This led to the claim that 
such technology is a feasible and attractive solution to remedy the problems associated 
with solids accumulating in sewers. 
Pisano ( 1979) also notes that flushed pollutant loads were similar to removals 
attained by manual-flush tanker methods. Technology involved in this method of 
flushing included an automated sewer flushing module that used a hydraulic gate 
powered by an air cylinder being triggered with a time clock that backed up wast~water 
and retracted and induced flush waves. 
Clinton Bogert Associates (1985) reports that the daily flushing of a large 
diameter combined sewer (CS) for a troublesome deposition section within seven sub-
areas using 12 automatic flushing systems reduced about 28% of the first flush overflow 
pollutant loading from the service area. They used a centralized computer with local 
water level sensing for the CS being flushed ranging from 18in. to 60in. to monitor the 
flushing control. The construction costs in 1990 were estimated at $175,000 for small 
diameter lines up to $275,000 for large diameter lines for the 12 flushing modules 
involved in the project. 
US EPA (1998) reports that the cleansing efficiency of a periodic flush wave 
depends on flush volume, flush discharge rate, sewer slope, sewer length, sewer flow rate, 
sewer diameter, and population density. Maximum flushing volumes at upstream points 
are limited by available space, hydraulic limitations, and costs. Maximum flushing rates 
at the downstream point are limited by the regulator/interceptor capacities prior to 
overflow. 
An important relationship exists between pipe length and cleaning efficiency. 
The aim of flushing is to wash the re-suspended sediment to strategic locations. These 
locations could include a point where the waste stream is flowing with sufficient velocity, 
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to another point where flushing will be initiated, to a storage sump which will allow later 
removal of the stored contents, or to the wastewater treatment plant (wwtp). This method 
reduces the amount of solids re-suspended during storm events, lessens the need for 
combined sewer treatment and sludge removal at downstream storage facilities, and 
allows the conveyance of more flow to the wwtp or to the drainage outlet. Sewer system 
and storage tank flushing is important to reduce sediment deposition and accumulation 
which is of prime importance to preventing areas of anaerobic activity, optimizing 
performance, maintaining structural integrity, and minimizing pollution ofreceiving 
waters (US EPA, 1998). 
Gatke and Borcherding ( 1996) have investigated and determined the requirements 
for reservoirs to be effective for a theoretical wastewater collection system pipe. They 
found that a reservoir of about 51 ft. in height with a release volume of 95 , 100 gal. is 
adequate for cleansing sediments when performing a long distance flush for a sewer 14.8 
ft. in diameter and a length of 1080 ft. 
Settleable Solids and the Flushing Relationship to Hydrogen Sulfide (H2S) 
Generation (US EPA, 1998). Low flow in wastewater collection systems leads to lower 
average wastewater velocities that allow material to settle in the systems' piping. This 
accumulation increases the mass and surface area of material in the system upon which 
sulfate reducing bacteria (slime layer) can grow and can lead to an increased conversion 
of sulfate to sulfide. 
Another issue to consider is sulfide concentration spikes occurring during 
historically high flow, cool temperature months in wastewater collection systems. 
Significant sand and grit accumulates and becomes covered by an anaerobic slime layer 
that contains sulfate-reducing bacteria. Only the bacteria on the surface of the grit pile 
receive a continuous supply of sulfate because they are exposed to the wastewater. The 
buried sulfate-reducing bacteria are not exposed to a continuous supply of sulfate. This 
forces them to exist in a semi-dormant, anaerobic state with very low cell activity (but 
they are not dead). 
Then, when a high flow event occurs, with sufficient velocity and shear force to 
re-suspend the sediment, this enormous surface area of sulfate reducing bacteria is 
suddenly exposed to ample sulfate and they rapidly convert it to dissolved sulfide. This 
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causes a relatively short duration, high sulfide event with resulting hydrogen sulfide gas 
release, odor and corrosion. The grit particles and their attached sulfate-reducing bacteria 
that were semi-dormant are suspended and exposed to a tremendous quantity of sulfate 
and quickly begin producing sulfide. The interaction between a large quantity of bacteria 
and an almost unlimited food source will create dissolved sulfide spikes that are 
subsequently released in areas of high turbulence. 
Flushing has several advantageous objectives it aims to accomplish in relation to 
hydrogen sulfide generation. First, flushing can help to decrease the rate of hydrogen 
sulfide generation during dry weather conditions by removing a significant source of 
available microbial food. Flushing can also help to eliminate the potential for creating 
unsafe transition sulfide levels. These sulfide levels are associated with rapid biological 
activity of re-suspended sediments during high flow conditions. The potential for sewer 
decomposition associated with high sulfide generation may be decreased. Finally, 
flushing can enable maximize sewer flow carrying capacity to be achieved by removing 
sediment and associated blockages. 
Disadvantages come with the flushing, however. One disadvantage is that a 
significant turbulent wave may be created when the wastewater collection system is 
flushed and stirring up debris and solids in the line. Sulfide may be released from the 
pore spaces in the debris, allowing the sulfide to be exposed to the turbulence. In this 
manner, dissolved sulfide in the wastewater is able to be released as H2S gas, which may 
lead to an odor release that results in complaints being made even though such an event 
may only be very short-term (US EPA, 1998). 
An additional consideration when flushing sewers is the sulfide spike generated. 
If a long period of time has passed since a section of the wastewater collections system 
has been cleaned and it has, therefore, accumulated a high amount of solids, disturbing 
the pile may release a high amount of H2S when first flushed. However, US EPA (1998) 
notes that one or two flushings should reduce and mostly remove the debris piles and, in-
turn, reduce the H2S spikes for subsequent flushings. If the sewer has not been cleaned 
for 10 or more years, sometimes three or four flushings may be needed to remove the 
piles. Annual or bi-annual flushings should then be sufficient. 
In-line flushing gates and tipping flushers for cleaning accumulated sludge and 
debris in wastewater collection systems, combined sewer overflow (CSO) systems, and 
storm water storage tanks have emerged in Germany and Switzerland (US EPA, 1998) 
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and France (Fan et al., 1997). The most popular of these is the Hydroself flushing system 
(Fan et al., 1997). These systems allow high speed flushing waves to re-suspend 
sediments on the tank floor and sweep these materials to a disposal channel at the end of 
the tank or downstream at the wwtp. The flushing gate system has been used extensively 
in Europe with 209 installations and 436 units in operation since 1985 as of the late 1990s. 
Approximately 60% of the installations are for cleaning sediments from (CSO) tanks. 
The tipping flushers were initially developed in Switzerland, and were optimized to their 
present design in Germany. Presently, several thousand CSO tanks throughout Europe 
exist that use the tipping gate technology (US EPA, 1998). 
Tables summarizing the functions, findings, and costs of flushing case studies in 
Fan et al. (1997) are included in this section's appendix. US EPA (1998) contains useful 
case studies on this topic. The following discussion of flushing technologies is based on 
excerpts adapted from US EPA (1998) and Fan et al. (1997): 
Hydrass Flushing System. The Hydrass flushing system was developed in 
France and is shown in Figure 3 .1. It is comprised of a balanced hinged gate with the 
same shape as the cross section as the sewer. At low flows, the self-weight of the gate 
holds the gate in the vertical position and the sewer flow builds up behind the gate. The 
depth of flow continues to build up behind the gate until the force created by the retained 
water becomes sufficient to tilt the gate. As the gate pivots about the hinge to a near 
horizontal position, the sewer flow is released and this creates a flush wave which travels 
downstream and subsequently cleans any deposited sediment from the invert of the sewer. 
The gate then returns to the vertical position and the cyclic process is repeated, thus 
keeping the sewer free of sediment. 
Figure 3.1: Operation of the Hydrass flushing system (EPA, 1998). 
Gates are positioned in series at intervals dictated by the nature, magnitude and 
location of the sedimentation problem. Chebbo, Laplace, Bachoc, Sanchez and 
LeGuennec (1995) reported the effective operation of the Hydrass system. This system 
has been installed on a segment of the Marseilles Number 13 trunk. A 328-foot stretch 
required about 700 flushes to clean an initial deposit of about four inches). Flushing 
frequency can be reduced if the upstream head can be increased, i.e., the number of 
flushes with 1.6 feet of head is 24 times that required for a 4.9 feet head. 
GUY ROAD PARK- HydroSlide Flow R~gulnting Device 
Spring 1995 (extreme south end -0f facilit~·) 
Figure 3.2: First Hydrass Flushing System installed in North America (Kok, 1995). 
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Figure 3.3: Photos of the Hydrass Flushing System (Kok, 1995). 
Hydroself Flushing System. The Hydroself system has been the most popular 
system used for cleaning sewers (Fan et al., 1997 and US EPA, 1998). In recent years 
pollution caused by combined sewer overflow (CSO) has become a serious 
environmental concern. Over 13,000 CSO tanks have been constructed with over 500 
being in-line pipe storage tanks six to seven feet diameter with lengths 400 to 600 feet. 
Discharge throttles control the outlet discharge to about twice average dry weather flow 
plus infiltration. Advantages to the Hydroself include no external power requirement, no 
required external water supply, no required routine maintenance, and the ability to be 
installed in series. 
Many different methods for cleaning these pipes have been tried over the years. 
The most popular has been the Hydroself system developed by Steinhardt Wassertechnik, 
Taunusstein around 1986. US EPA (1998) provides a Hydroself flushing gate storage 
configuration at Whitten, Germany (US EPA, 1998). The Hydroself may be specifically 
used for cleaning interceptors (Copa Limited, 2004). 
The Hydroself system is a type of in-line flushing gate and relies on a simple 
method that uses a wash water storage area and hydraulically operated flap gates to create 
a cleaning wave to scour inverts of sewers. This system consists of a hydraulically 
operated flap gate, a flush water storage area created by the erection of a concrete wall 
section, a float or pump to supply hydraulic pressure and valves controlled by either a 
float system or an electronic control panel. 
Figure 3.4: The flush of a Hydroself Flushing System (Copa Limited, 2004). 
89 
The water level in the sewer is used to activate the release and/or closure of the 
gate using a permanently sealed float controlled hydraulic system. The flushing system is 
designed to operate automatically whenever the in-system water level reached a pre-
determined level, thereby releasing the gate and causing a "dam break" flushing wave to 
occur. Activation by remote control is also possible. This technology does not require an 
outside water supply, can be easily retrofitted in existing installations with a minimal loss 
of storage space, and may operate without any external energy source. 
The system consists of a hydraulically operated flap gate, a flush water storage 
area created by the erection of a concrete wall section, a float or pump to supply 
hydraulic pressure and valves controlled by either a float system or an electronic control 
panel. The actual arrangement for a given installation is site dependent. The flushing 
length, slope and width determine the flush water volume needed for an effective single 
flush of the system. 
For large diameter sewers greater than 78 inches, the flushing system may be 
installed in the sewer pipe itself. The required storage volume for the flush water is 
created by erecting two walls in the sewer pipe to form a flush water storage area in 
between the two walls. For the area to remain free of debris, a reasonable floor slope (5 to 
20%) must be provided in the storage area. 
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Figure 3.5: A Hydroself Flushing System as it would appear in an interceptor 
(Copa Limited, 2004). 
The requirements for the storage area slope will determine, in most instances, the 
maximum flushing length possible for a single flush gate. Should the actual flushing 
length be longer than this value, then additional flushing gates must be installed to 
operate in series with the first one. In order to increase the maximum flushing length it is 
also possible to build additional flush water storage area by creating a rectangular 
chamber in-line or adjacent to the sewer line itself. 
Biogest Vacuum Flushing System. A variation of the Hydroself is the Biogest, 
which is a system comprised of a concrete storage vault and a vacuum pump system to 
create a cleaning wave to scour the inverts of sewers. The system consists of a flush 
water storage area, diaphragm valve, vacuum pump, level switches, and a control panel 
for automatic operation of the system. The water level in the sewer is used to activate the 
vacuum pump. The vacuum pump evacuates the air volume from the flush chamber and 
as the air is evacuated the water is drawn in from the sewer and rises in the chamber. The 
vacuum pump shuts off when a predetermined level in the flushing vault is reached. A 
second level sensor detects the water level in the sewer and activates the flush wave. The 
flush wave is initiated by opening the diaphragm valve above the flush chamber and 
subsequently releasing the vacuum and vault contents. 
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*** 
Fan et al. (1997) reports a cost effectiveness investigation of sewer sediment 
flushing. In this investigation flushing gate technology was compared to conventional-
large-pipe-cleaning operations using bucketing methods at a project under construction in 
Cambridge, MA. In this investigation, a flushing gate system to flush a 5,000 ft. length 
oflarge-diameter sanitary sewer ranging from 18 in. to 48 in., and storm drains varying 
from 24 in. to 4 ft. by 6 ft., was considered. The estimation was made that a present 
worth savings in 1997 at 9% interest over 30 years of at least $500,000 was estimated to 
be achieved if flushing gate technology was used instead of periodic cleaning using 
conventional means. 
The following conclusions were derived from the evaluations of the 18 sewer and 
tank sediment flushing facilities and the case studies developed in Section 5 of US EPA 
(1998) and is a portion of the conclusion section selected for its relevance to the possible 
solutions to the interceptor problems the Sioux City WWTP has experienced. Fan et al. 
(1997) expresses support for the first three of these conclusions. 
1. The tipping flusher and flushing gate technology appear to be the most cost-
effective means for flushing solids and debris from tanks. The most efficient 
method for flushing large diameter flat depositing sewers is the flush gate 
technology. 
2. In general, the performance of both types of flushing equipment for tanks and 
flush gates for sewers was rated as good to excellent. Based on calculations for 
most of the facilities using flushing gates, the terminal velocities at the end of the 
flushing wave exceeded 3 .28 ft/s. This terminal velocity was adequate for 
cleansing. 
3. Cost effectiveness analysis comparing flushing gate technology versus 
conventional large pipe cleaning operations using bucketing methods was 
conducted for an actual project undergoing construction. A system of flushing 
gates to flush 4920 ft. of large diameter sanitary sewer and storm drains was 
examined. Present worth savings of at least $500,000 is expected using the flush 
gate technology in lieu of periodic cleaning using conventional means. 
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4. US EPA (1998) conducted a desktop analysis to explore the use of flushing gate 
technology for minimizing sediments in a long flat depositing sewer carrying 
warm sewage with high organic loadings. Dissolved hydrogen sulfide levels 
attributable to both the slime layer and to accumulated sediments were estimated. 
The present worth costs for treating excessive and dangerous levels of hydrogen 
sulfide with chemicals (iron salts) were estimated. Flushing gate technology was 
explored to reduce sediments and thereby reduce incremental hydrogen sulfide 
loadings. The cost effectiveness of chemical treatment versus flushing with 
reduced chemical treatment indicated that flushing as an adjunct to chemical 
treatment is cost effective. 
Mechanical Cleaning 
Typical means of mechanically cleaning sewers include rodding, balling, poly 
pigs, and bucket machines. The overview of these technologies is adapted from US EPA 
(1998). 
Power Rodding. Power rodding includes an engine and drive unit, steel rods and 
a variety of cleaning and driving units. The power equipment applies torque to the rod as 
it is pushed through the line, rotating the cleaning device attached to the lead end. Power 
rodders can be used for routine preventative maintenance, cutting roots and breaking up 
grease deposits. Power rodders are efficient in lines up to 12 inches, which does not meet 
the size requirement to be effective in Sioux City's lines. 
Figure 3.6: Power Rodding Equipment (American Sewer, Inc., 2003). 
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Figure 3.7: Rodding setup (Sharon, 1989). 
Balling. Balling is a hydraulic cleaning method in which the pressure of a water 
head creates high velocity water flow around an inflated rubber cleaning ball. The ball 
has an outside spiral thread and swivel connection that causes it to spin, resulting in a 
scrubbing action of the water along the pipe. Balls remove settled grit and grease buildup 
inside the line. This technique is useful for sewers up to 24 inches. 
Jetting. Jetting is a hydraulic cleaning method that removes grease buildup and 
debris by directing high velocities of water against the pipe walls at various angles. The 
basic jetting machine equipment is usually mounted on a truck or trailer. It consists of 
water supply tank of at least 1,000 gallons, a high pressure water pump, an auxiliary 
engine, a powered drum reel holding at least 500 feet of one inch hose on a reel having 
speed and direction controls and a variety of nozzles. Jetting is efficient for routine 
cleaning of small diameter, low flow sewers. 
Figure 3.8: Jetting nozzle (USJetting, 2003). 
Figure 3.9: Jetting truck-mounted combo unit (USJetting, 2003). 
Pigging. Poly pigs, kites, and bags are used in a similar manner as balls. The 
rigid rims of bags and kites cause the scouring action. Water pressure moves these 
devices against the friction of restraining lines. The shape of the devices creates a 
forward jet of water. The poly pig is used for large sanitary sewers and is not restrained 
by a line, but moves through the pipe segment with water pressure buildup behind it. 
Figure 3.11: Conventional pigs (Pipeline Pigging Products, Inc., 1996). 
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Figure 3.11: Varieties of pigs (Pipeline Pigging Products, Inc., 1996). 
Figure 3.12: T.D. Williamson's OptionAll Pigs (T.D. Williamson, Inc., 2004). 
Power Bucket. The power bucket machine is a mechanical cleaning device 
effective in partially removing large deposits of silt, sand, gravel, and grit. These 
machines are used mainly to remove debris from a break or an accumulation that cannot 
be cleared by hydraulic methods. 
In cases where the line is so completely plugged that a cable cannot be threaded 
between manholes, the bucket machine cannot be used. The bucket machine is usually 
trailer or truck mounted and consists mainly a cable storage drum coupled with an engine 
with controllable drive train, up to 1000 feet of 1/2-inch steel cable and various sized 
buckets and tools ranging up to in diameter. 
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Figure 3.13: Power bucket (Carylon Corp, 2004). 
The cable drum and engine are mounted on a framework that includes a 36 inch 
vertical A-frame high enough to permit lifting the cleaning bucket above ground level. 
Typically two machines of same design are required. One machine at the upstream 
manhole is used to thread the cable from manhole to manhole. The other machine is used 
at the downstream manhole has a small swing boom or arm attached to the top of the A-
frame for emptying buckets. The bucket is cylindrical. The bottom of the bucket has two 
opposing hinged jaws. 
When the bucket is plugged through the material obstructing the line, these jaws 
are open and dig into and scrape off the material and fill the bucket. When the bucket is 
pulled in the reverse direction, the jaws are forced closed by a slide action. Any material 
in the bucket is retained as the bucket is pulled out through the manhole. 
Silt Traps. Silt traps (or grit sumps) have successfully been used to collect sewer 
sediments at convenient locations within the system. The traps should be periodically 
emptied as part of a planned maintenance program. 
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Figure 3.14: Silt trap (Everhard Industries, 2004). 
The design and operational performance of two experimental rectangular (plan) 
shaped silt traps in French sewer systems has been reported (Bertrand-Krajewsk, Madiec, 
and Moine, 1996). Information on design procedures and methodology for silt traps is 
scarce. However, the trap must be routinely cleaned/emptied, and construction costs for 
this option would probably less economical than other mechanical cleaning methods 
discussed earlier. An additional issue to consider is that anaerobic activity may still be 
likely to occur in the deposition area. 
Conclusion 
The deposit of sediments in wastewater collection systems is known to be a cause of 
many potential problems including conditions favorable for anaerobic activity, H2S gas 
generation, clogging, corrosion, and others. This third section of this paper study 
investigates remedial and preventative measures for sediment accumulation in sewers and 
the problems associated with it. Of the technologies examined in this section, as 
compared in the matrix below, a flushing system technology may be the best option for 
the Sioux City WWTP to pursue. This conclusion is based on the following: 
• The wastewater field has experience, much of it successful, with flushing systems, 
especially the Hydrass and Hydroself. 
• The flushing technologies justify their cost because of their reliable and consistent 
performance. 
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• Resources have shown that many of the mechanical systems available are not 
designed to be applied to large sewers and often are not as reliable. They are also 
not passive, most require external power, and many require an operating attendant. 
• Dosing of lime/CaC03 sludge/Na OH to maintain the pH above 8 is often difficult 
to refine when first utilized for a system, may be quite costly, and is generally not 
practical for collection systems. 
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The following tables summarize the functions , findings, and costs of flushing case studies 
contained in Fan et al. (1997). 
Table 3.4: Overview of Case Studies (Adapted from Fan et al., 1997) 
Flushing Function Flushing Method 
Flushing Tipping 
Sewer Tank Gate Flusher 
Location Storage Convey Rect. Circ In line Off-line Tank 
Marht Wiesentheid, Germany x x 
Gemeinde Schauenburg, 
Germany x x 
Stadt Kirchhain, Germany x x 
Stat Heidenheim, Germany x x 
Markt Grossostheim, Germany x x 
Osterbruch-Opperha usen, 
Germany x x 
Gemeinde Hettstadt, Germany x x 
Filterstadt-Bernhausen, Germany x x 
Stadt-Essen, Germany x x 
Markt-Wiesentheid, Germany x x 
Stuttgart-Wangen, Germany x x 
Heidenheim-Kleiner-Buhl, 
Germany x x 
Cheboygan, Ml, US x x 
Sarnia, Ontario, Canda x x 
Port Colborne, Ontario, Canda x x 
Wheeler Avenue, KY, US x x 
14th St. PumpinQ Station, Ml, US x x 
Saginaw Township, Ml, US x x 
Table 3.5: Summary of German combined Sewer Flushing Evaluation (Adapted from 
Fan et al., 1997). 
Length Slope Size Velocit~ Depth Flush Vol. Operator 
Location (ft.) {%) {ft.) (ft.ls) {ft.J {ft.:!) Observation 
Marht 
Weisentheid 154.16 1 5.90 10.17 1.31 494.03 Excellent 
Stadt 
Heidenheim 790.48 1 7.22 3.28 0.30 352.88 Good 
Stadt 
Kirchhain 377.20 0.4 5.25 1.97 0.23 141 .15 Fair 
Markt 
Grossostheim 626.48 0.94 7.22 3.94 0.36 529.31 Excellent/Good 
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Table 3.6: Summary of German Tank Flushing Case Studies (Adapted from Fan et al., 
1997) 
Length Slope Width Height Velocity Depth Flushing Operator 
Location (ft.1 (%) (ft.) (ft.) (ft.ls) (ft.) Vol. (ft.3) Observation 
Filderstadt-
Berhausen 118.08 2.5 16.40 11.48 4.36 0.16 299.94 Good 
Stadt Essen 
Markt 180.40 0.5 9.84 11.15 3.02 0.23 423.45 Good 
Wiesentheid ExcellenU 
Stuttgart 134.48 1.5 15.88 9.84 4.26 0.20 448.15 Good 
Wangen ExcellenU 
Heidenheim 219.76 0.5 11.81 5.90 2.72 0.20 635.18 Good 
Kleiner ExcellenU 
Buhl 98.40 1 15.91 11.81 5.28 0.20 1005.70 Good 
Table 3.7: Devine Street, Ontario, Canada, Tank Flushing; Capital and O&M Cost 
Comparison (costs based on ENR cost index of 6,500) (Adapted from Fan et al., 1997 as 
adapted from Parente, 1995) 
Type of O&M Unit O&M 
Cleaning Cost 
S stem /ft.2 /event 
Manual 
Cleanin 10,000 0.28 66000 0.18 
Flush in 680,000 18.40 1550 0.04 
525,000 14.22 380 0.01 
350,000 9.51 250 0.01 
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Section IV: Chemical Precipitation and Odor Control 
Odorous Gases in Wastewater Collection Systems and General Control Strategies 
This section is adapted from Tchobanoglous et al. (2003) with a focus pertaining 
to the Sioux City collection system main sewer interceptor to the wastewater treatment 
plant, as all adaptations in this report are focused. 
The potential for odor release from collection systems is high. The principal 
sources of odorous compounds in collection systems are from 1) the biological 
conversion, under anaerobic conditions, of organic matter containing nitrogen and sulfur, 
and 2) the discharge of industrial wastewater that may contain odorous compounds that 
may react with compounds in the wastewater to produce odorous compounds. Odorous 
gasses released to the sewer atmosphere can accumulate and be released at air release 
valves, cleanouts, access ports (i.e., manholes), and house vents. WEF (1995) classifies 
air release valves, cleanouts, access ports, and raw wastewater pumping stations to have a 
high odor potential and industrial wastewater discharges to have a variable odor potential. 
Tchobanoglous et al. (2003) adds that the odor threshold for hydrogen sulfide gas 
is .00047 parts per million (ppm) by volume and smells like rotten eggs (Tchobanoglous 
et al., 2003). 
Under quiescent meteorological conditions, odorous gases that develop at 
treatment facilities tend to hover over the point of generation because odorous gases are 
denser than air. Depending on the local meteorological conditions, it has been observed 
that odors may be measured at great distances from the point of generation. The 
following events appear to happen: 1) in the evening or early morning hours, under 
quiescent meteorological conditions, a cloud of odors will develop over the wastewater 
treatment unit prone to the release of odors; and 2) the concentrated cloud of odors can 
then be transported (i.e., pushed along), without breaking up, over great distances by the 
weak evening or early morning breezes, as they develop. In some cases odors have been 
detected at distances of up to 15 miles from their source. Tchobanoglous and Schroeder 
(1985) termed this transport phenomenon the "puff movement" of odors. The most 
common method used to mitigate the effects of the odor puff is to install barriers to 
induce turbulence, thus breaking up and dispersing the cloud of concentrated odors, 
and/or to use wind generators to maintain a minimum velocity across the source 
(Tchobanoglous et al., 2003). 
Although relevant case studies to this fourth section are included, the more in-
depth case studies presented in EPA (1985) and EPA (1998) should also prove helpful 
when considering the information in this report section. 
Tchobanoglous et al. (2003) states that the following steps are involved in the 
selection and design of odor-control and treatment facilities: 
1. Determine the characteristics and volumes of the gas to be treated. 
2. Define the exhaust requirements for the treated gas. 
3. Evaluate climatic and atmospheric conditions. 
4. Select one or more odor-control and treatment technologies to be evaluated. 
5. Conduct pilot tests to determine design criteria and performance. 
6. Perform life cycle economic analysis. 
Many of the chemical odor-control technologies are supplied as complete packages, 
designed to meet a given performance specification (Tchobanoglous et al., 2003). 
Where chronic odor problems exist, approaches to solving these problems may 
include: 
1) Control of odor-causing wastewaters discharged to the collection system that 
create odor problems; 
2) Control of odors generated in the wastewater-collection system; 
3) Installation of odor containment and treatment facilities; 
4) Application of chemicals to the wastewater; 
5) Use of odor masking and neutralizing agents; 
6) Use of gas-phase turbulence-inducing structures and facilities; and 
7) Establishment of buffer zones. 
The elimination and/or control of wastewater discharges containing odorous 
compounds to the collection system can be accomplished by: 
1) The adoption of more stringent waste discharge ordinances and enforcement of 
their requirements; 
2) Requiring pretreatment of industrial wastewater; and 
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3) Providing flow equalization at the source to eliminate slug discharges of 
wastewater. 
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The release of odors from the liquid phase in wastewater collection systems can 
be limited by several means, many of which have been discussed in earlier sections of 
this report. These means include: 
1) Maintaining aerobic conditions through the addition of hydrogen peroxide, pure 
oxygen, or air at critical locations in the collection system and to long force mains. 
This could include sidestream oxygenation and reinjection of wastewater into a 
gravity sewer, injection of oxygen into a hydraulic fall, or injection of oxygen into 
two-phase flow in the pipe. 
2) Controlling anaerobic microbial growth by disinfection or pH control. 
3) Oxidizing or precipitating odorous compounds by chemical addition. 
4) Design of the wastewater collection system to minimize the release of odors due 
to turbulence. 
5) Off-gas treatment at selected locations. 
With most of the odor-control methods involving the addition of chemicals to wastewater, 
some residual product is formed that must ultimately be dealt with (Tchobanoglous et al., 
2003). 
The importance of full characterization of the contaminated air cannot be 
overemphasized. Of particular importance is the diurnal variation in air volumes and 
odor intensity. Failure to accurately estimate these parameters may result in poor 
performance or higher than anticipated carbon replacement or regeneration frequency. 
Characterization of specific constituents may also be important in design, since 
special impregnated activated carbons now available may demonstrate improved 
performance over standard carbons. For example, activated carbon impregnated with 
sodium hydroxide is often recommended for use when sulfur-based compounds, such as 
H2S and mercaptans, are the principal odor-causing materials. In addition to claims of its 
superior performance, the carbon can be regenerated in-situ using a commercial grade 
caustic soda in 50% solution (US EPA, 1985). 
Since exhaust air from sludge handling buildings, wet wells, and covered process 
tankage often contains a complex mixture of odorous compounds, pilot testing is 
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essential prior to full-scale design. Objectives in pilot testing include defining expected 
performance (removal efficiency), estimating the useful life of the carbon, determining 
effectiveness and ease of carbon regeneration, and developing design criteria for the full-
scale system. In addition to analytical determination of specific compounds such as H2S 
and methyl mercaptan, an olfactometer should be used as measure of total odor removal 
through the system (US EPA, 1985). 
The principal methods used to treat odorous gases include the use of chemical 
scrubbers, activated-carbon absorbers, vapor-phase biological treatment processes (i.e., 
compost filters), treatment in conventional biological treatment processes, and thermal 
processes. The specific method of odor control and treatment that should be applied will 
vary with local conditions. 
However, because odor-control measures are expensive, the cost of making 
process changes or modifications to the facilities to eliminate odor development should 
always be evaluated and compared to the cost of various alternative odor-control 
measures before their adoption is suggested. Various methods used to treat odorous 
gases, some of which are discussed in this paper are included in the table on the next page. 
I 
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Table 4.1: Methods used to treat odorous gases found in wastewater. Adapted from 
Tchobanoglous et al. (2003) as adapted in part from US EPA (1985). 
I Descriotion 
1. Adsorption on 1. Odorous gases can be passed through beds of activated carbon to 
activated carbon remove odors. Carbon regeneration can be used to reduce costs. 
2. Odorous gases can be passed through sand soil, or compost beds. 
Odorous gases from pumping stations may be vented to the surrounding 
soils or to specially designed beds containing sand or soils. Odorous 
2. Adsorption on sand, gases collected from treatment units may be passed through compost 
soil or compost beds beds. 
3. Gases can be mixed with fresh air sources to reduce the odor unit 
3. Dilution with odor- values. Alternatively, gases can be discharged through tall stacks to 
free air achieve atmospheric dilution and dispersion. 
4. Perfume scents can be sprayed in fine mists near offensive areas to 
overpower or mask objectionable odors. In some cases, the odor of the 
masking agent is worse than the original odor. Masking agents should not 
4. Masking agents be confused with neutralizing agents. 
5. The injection of oxygen (either air or pure oxygen) into the wastewater 
to control the development of anaerobic conditions has proved to be 
5. Oxygen injection effective. 
6. Odorous gases can be passed through specially designed gas 
6. Scrubbing towers scrubbing towers to remove odors. 
7. Oxidizing the odor compounds in wastewater is one of the most 
common methods to achieve odor control. Chlorine, ozone, hydrogen 
peroxide, and potassium permanganate are among the oxidants that have 
7. Chemical oxidation been used. Chlorine also limits the development of the slime layer. 
8. Chemical precipitation 8. The precipitation of sulfide with metallic salts, especially iron. 
9. Compounds that can be sprayed or atomized in fine mists to chemically 
9. Neutralizing agents react with, neutralize, and/or dissolve odorous compounds. 
10. Odorous gasses can be passed though specially designed chemical 
10. Scrubbing with scrubbing towers to remove odors. If the level of carbon dioxide is high, 
various alkalies costs may be prohibitive. 
11 . Specially designed biotrickling filters can be used to remove odorous 
compounds biologically. Typically, the filters are filled with plastic packing 
11. Biotrickling filters of various types on which biological growths can be maintained. 
12. Gases can be passed through biologically active beds of compost to 
12. Compost filters remove odors. 
13. Gases can be passed through biologically active beds of compost to 
13. Sand and soil filters remove odors. 
14. Odorous gases can be passed through existing trickling filters to 
14. Trickling filters remove odorous compounds. 
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Iron Salts Dosing and Chemical Precipitation 
The following is an adaptation based on Tchobanoglous et al. (2003). 
Chemical precipitation involves the addition of chemicals to alter the physical 
state of dissolved and suspended solids and facilitate their removal by sedimentation. In 
the past, chemical precipitation was often used to enhance the degree of TSS and BOD 
removal: 
1) Where seasonal variations in the concentration of the wastewater (such 
as cannery wastewater) existed; 
2) Where an intermediate degree of treatment was required; and 
3) As an aid to the sedimentation process. 
Aside from the determination of the required chemical dosages, the principal design 
considerations related to the use of chemical precipitation involve the analysis and design 
of the necessary sludge processing facilities downstream at the wwtp and the selection 
and design of the chemical storage, feeding, piping, and control systems (Tchobanoglous 
et al., 2003). These systems are discussed earlier in this report in Section III. 
The degree of clarification obtained depends on the quantity of chemicals used and 
the care with which the process is controlled. It is possible by chemical precipitation to 
obtain good clarity, substantially free from matter in suspension or in the colloidal state. 
The chemicals added to wastewater interact with substances that are either normally 
present in the wastewater or added for this purpose (Tchobanoglous et al., 2003). 
The following is an adaptation based on US EPA ( 1985). 
The salts of many metals will react with dissolved sulfide to form metallic sulfide 
precipitates, thus preventing H2S release to the atmosphere. For effective removal of 
dissolved sulfides, the metallic sulfide formed must be highly insoluble. 
Iron salts have been used for sulfide control at several locations in the United States, 
according to Davis et al. (1981 ). The ferrous ion reacts with sulfide as shown in the 
reaction below: 
Pomeroy et al. (1946) found that the reaction of a mixture of iron salts with a 
molecular ratio of one part ferrous to two parts ferric was superior for sulfide control 
compared to the reaction of either one alone. The reaction of the mixed iron salts was 
hypothesized to occur as follows: 
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Ferrous Sulfate and Lime. EPA (1985) comments that of all of the metals 
which have been or are being used for sulfide control, ferrous sulfate is the most common. 
However, a more recent resource, Tchobanoglous et al. (2003), states that this may not be 
the case in recent years. Tchobanoglous et al. (2003) explains that because the formation 
of ferric hydroxide is dependent on the presence of dissolved oxygen, the reaction cannot 
be completed in most wastewaters, and, as a result, ferrous sulfate is not used commonly 
in wastewater. Instead, ferric chloride (FeCh) is the most commonly used precipitation 
chemical in wastewater. 
In most cases, ferrous sulfate (FeS04) cannot be used alone as a precipitant 
because lime must be added at the same time to form a precipitate. When ferrous sulfate 
alone is added to wastewater, the following reactions occur: 
If sufficient alkalinity is not available, lime is often added in excess in conjunction with 
ferrous sulfate. The resulting reaction is: 
The ferrous hydroxide can be oxidized to ferric hydroxide, the final form desired, by 
oxygen dissolved in the wastewater. The reaction is: 
The insoluble ferric hydroxide is formed as a bulky, gelatinous floe similar to an alum 
floe. 
The overall reaction of FeS04 with H2S can be expressed as: 
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Based on this reaction, removal of 1 g of H2S would require approximately 4.5 g of 
FeS04 (1.6 gas Fe). Actual dosage requirements for a particular condition are 
determined by field application. An important consideration when adding a metallic 
compound containing sulfate is that it could increase the potential for hydrogen sulfate 
(HS04-) formation. 
The alkalinity required for a 1 Omg/L dosage of ferrous sulfate (FeS04) is 
10.0 mg/L * [lOOg/mol I 278 g/mol] = 3.6 mg/L. 
The lime required is 10.0 mg/L * [2(56g/mol) I 278 g/mol] = 4.0 mg/L. 
The oxygen required is 10.0 mg/L * [32g/mol I ( 4(278g/mol))] = 0.29 mg/L. 
One commercially available FeS04 solution is derived from the manufacture of 
titanium dioxide, which results in the production of ferrous sulfate crystal, and is sold for 
both sulfide control and phosphorus removal. Waste pickle liquor, resulting from the 
reaction of scrap iron with sulfuric acid, has also been used. However, such products 
may contain a high free acid content, which may result in detrimental impacts on 
wastewater pH and alkalinity and ultimately on sewer construction material. 
I 
Results from use of FeS04 for sulfide control are shown in the table below. 
Table 4.2: Performance ofFeS04 addition for sulfide control. Adapted from US EPA 
(1985) as taken from Davis et al. (1981). 
I 
Avg. Avg. Avg. FeS04 Dissolved 
Wastewater Wastewater Dosage H2S 
Location Flow (gal.Id) Flow (m3/d) (mg/L) (mg/L) 
Clearwater, FL 4992851 18900 0 6 to 8 
30 <1 
Naples, FL 5500062 20820 0 5 to 20 
25 1 to 2 
Boyton Beach, FL 11998693 45420 0 10 
25 0.5 to 2.0 
Equipment required for a FeS04 feed system is simple, and includes a storage 
tank, chemical metering pumps, piping and valves, control system, and injector. 
Materials suitable for a FeS04 storage tank include polyolefin, concrete lined with 
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polyurethane, fiberglass, steel lined with rubber, or stainless steel. Ferrous sulfate is only 
mildly corrosive, but safety precautions must be observed in its handling. 
Liquid feeding systems that may be used for chemicals included in this section, such 
as ferrous sulfate, are discussed earlier in Section III of this report. Tchobanoglous et al. 
(2003) notes that two things should be kept in mind with chemical feeders in that they are 
generally designed to: 
1) Proportion - they feed a chemical in proportion to the influent wastewater 
flowrate, and 
2) Feed at a constant rate - they are designed to deliver chemical at a fixed rate 
regardless of the influent flowrate. 
Typical costs for ferrous sulfate injection systems are shown in the table below. 
Capital costs include costs for the concrete pad, storage tank, metering pumps, piping, 
valves, controls, and installation. The chemical costs are based on the typical cost of 
FeS04 of $2.54/gal ($0.67 /L) for solution containing 163 g/L FeS04. Due to variability 
in site conditions, injection points, etc., capital costs are budget level estimates ( + 30%, -
15%). 
US EPA (1985) mentions that in an oxygen injection project in Palm Beach, CA 
ferrous sulfate was another option considered to use instead of hydrogen peroxide 
addition in a wastewater collection system, but it was determined that the ferrous sulfate 
did not provide the residual DO needed. 
Table 4.3: Typical costs for FeS04 injection system for H2S Control in 1984 US$. 
Adapted from US EPA (1985). 
Annual Chemical 
Capital Cost (FeS04) Costs 
Condition ($) ($) 
Flow= 999,891 gpd (3,785 m3/d) 
[H2S] = 5 mg/L 
FeS04 dose = 23 mq/L 10,000 13,000 
Flow= 9,9998,910 gpd (37,850 m3/d) 
[H 2S] = 5 mg/L 
FeS04 dose = 23 mg/L 21,000 130,000 
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The discussion of the following precipitation chemicals is an adaptation based on 
Tchonobanoglous et al. (2003). 
Ferric Chloride. Because of the many problems associated with the use of 
ferrous sulfate, ferric chloride is the iron salt used most commonly in precipitation 
applications. When ferric chloride is added to wastewater, the following reactions take 
place: 
2FeCl + 3Ca(HC03)2 ~ Fe(OH)3 + 3CaCli + 6C02 
The recommended mixing time for FeCb is 1-10 seconds. Tchobanoglous et al. (2003) 
recognizes that mixers used for ferric chloride include static in-line mixers, in-line mixers, 
and high-speed injection mixers. 
Ferric Chloride and Lime. If lime is added to supplement the natural alkalinity 
of the wastewater, the following reaction can be assumed to occur (Tchobanoglous et al., 
2003): 
2FeCb + 3Ca(OH)2 ~ Fe(OH)3 + 3CaCb 
Ferric Sulfate and Lime. The overall reaction that occurs when ferric sulfate 
and lime are added to wastewater may be represented as follows (Tchobanoglous et al. , 
2003): 
In the United Kingdom, sulfides were successfully controlled with a mixture of 
ferric sulfate and nitric acid in a force main. This method was found to be more cost-
effective than hydrogen peroxide addition. Griffiths (1981) says that the dosing mixture 
had a strength equivalent to 42,000 mg/L nitrate nitrogen and 125,000 mg/L ferric iron 
(US EPA, 1985). 
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Table 4.4: Handling, storage, and feeding requirements for various chemicals used in 
wwtp. Adapted from Tchobanoglous et al. (2003). 
Shipping Feeding Feeding Accessory Handling 
Chemical Availability Form Form Type Equipment Materials 
lump, bags, carboys, metering 
Ferric chloride (FeCl3) 20% (Fe) & bulk Liquid pump slurry tank iron, steel 
granular, bags, barrels, metering 
Ferric sulfate (Fe2S04)3 18.5% (Fe) & bulk Liquid pump slurry tank iron, steel 
Ferric sulfate (copperas) granular, bags, barrels, metering 
'Fe2S04)J*?H20 20% (Fe) & bulk Liquid pump slurry tank iron, steel 
Neutralizing Spray Facility 
Odorous air within a confined space can be removed and treated before being 
released to the surrounding atmosphere. Wet scrubbers, activated carbon and other 
adsorptive or absorptive processes can be used to remove odor compounds from the air 
(US EPA, 1985). 
On occasion, chemicals have been added to wastewater or off gases to mask an 
offensive odor with a less offensive odor. Masking chemicals are based on essential oils 
with the most common aromas being vanilla, citrus, pine, or floral (Williams, 1996). 
Typically, enough masking chemical is added to wastewater to overpower the offensive 
odor. Masking chemicals, however, do not modify or neutralize the offensive odors. 
Neutralization involves finding chemical compounds that can be combined with the 
odorous gases in the vapor state so that the combined gases cancel each other's odor, 
produce an odor of lower intensity, or eliminate the odorous compounds. Although odor 
masking and neutralization are viable options for short-term management of odor 
problems, the key to long-term odor management is to identify the source of the odors 
and implement corrective measures (Tchobanoglous et al., 2003). 
The basic design objective of a chemical scrubber is to provide contact between 
air, water, and chemicals (if used) to provide oxidation or entrainment of the odorous 
compounds. The principal wet-scrubber types include single-stage countercurrent packed 
towers, countercurrent spray chamber absorbers, and cross-flow scrubbers. In most 
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single-stage scrubbers, the scrubbing fluid is recirculated. Types of wet-scrubber systems 
for odor control include the countercurrent packed tower, spray chamber absorber, and 
cross-flow scrubber (Tchobanoglous et al., 2003). 
Recirculated 
water 
distributor 
Spray 
nozzles 
Entrainment 
eliminator 
---Clean gas 
Water to settling and recirculation 
Figure 4.1: Horizontal spray chamber (cross-flow) (Wu, 2003). 
Clean gas 
t 
Entrainment 
'·"' ·.,.·,. , ... , ... ,, ...... :-.-.:·:,:. eliminator 
Spray nozzles 
Water to settling basin and recycle pump 
Figure 4.2: Vertical spray chamber (countercurrent) (Wu, 2003). 
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The following adaptation is based on US EPA (1985). 
Wet scrubbing involves contact of odorous gas with a scrubber solution, typically 
in a countercurrent or cross-flow fashion, to allow transfer of the odorants from the gas 
stream to the scrubber liquid by one or more of the following mechanisms: 
• Condensation of odorous vapors 
• Removal of odorous particulates 
• Odor absorption into the scrubbing solution 
• Odor reaction with an oxidizing scrubbing solution 
• Emulsification of odorous gases in a chemical reagent 
Wet scrubbing is often ideally suited for the treatment of large air flows, greater 
than 2000 cubic feet per minute ( cfm), contaminated with low odor threshold compounds, 
such as mercaptans (or "thiols") and H2S, at levels greater than 2.83 odor units per ft.
3 
(100 odor units per L) (Yang et al., 1975 and US EPA, 1985). 
Most chemical scrubbers are supplied as complete packages. Typical design 
factors for chemical scrubbers are provided in the table below. 
Table 4.5: Typical design factors for chemical scrubbers. Adapted in part from 
Tchobanoglous et al. (2003) as adapted in part from WEF (1995) and Devinny et al. 
(1999). 
Item Value 
PackinQ depth 5.9-9.8 ft. 
Gas residence time in 
packing 1.3-2.0 s 
PH 11-12.5 
Temperature 59-104 °F 
Scrubber designs may be of the vertically oriented, countercurrent type, or of the 
horizontally oriented, cross-flow type. A typical countercurrent system employs spray 
nozzles for injection of the scrubbing solution and an inert packing material to provide 
gas/liquid contact surface. The gas steam enters the bottom of the scrubber unit as evenly 
distributed as possible and passes through the packing material, which is irrigated with 
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the scrubber liquid. The gas stream then passes through a mist eliminator to remove any 
liquid droplets, and is exhausted to the atmosphere by a fan. 
Wet scrubber systems are also available which generate very fine fogs or mists of 
scrubber liquid to achieve large surface areas for gas-liquid contact, thereby precluding 
the need for packing material. These are often referred to as spray chambers. Several of 
these wet scrubber systems are shown in Figure 4-6 of EPA ( 1985) (US EPA, 1985). 
Selection of a scrubbing liquid is dependent largely on the specific odorants to be 
removed. Water soluble gases such as H1S, ammonia, and organic sulfur gases; organic 
nitrogen compounds such as amines; organic acids; and chlorine compounds may be 
removed by scrubbing with water. It is common practice, however, to use a reactive 
compound such as chlorine, potassium permanganate, hydrogen peroxide, or ozone in the 
scrubbing liquid for chemical reaction with the odorous compounds in the incoming air. 
In some cases, acidic or alkaline solutions can be used to neutralize the odorous 
compound, or to adjust the pH for better performance when used in combination with 
another additive. Proprietary scrubber solutions have also been developed for removal of 
high concentrations of specific odorous compounds such as H2S (Hardison et al., 1975 
and US EPA, 1985). 
One of the proprietary wet scrubber systems generates a dilute hypochlorite 
solution onsite for use as a scrubbing liquid. Wet scrubbers may employ a single pass of 
the scrubbing liquid with no recirculation, such as for water systems, or, more commonly, 
may collect and recirculate the scrubbing liquid to reduce the costs for chemical additives. 
Wet scrubber systems may employ single or multiple stage units depending on the nature 
and severity of the odor, and may utilize different scrubber solutions for each stage. 
Reaction times in wet scrubbers may vary from several seconds to one minute (US EPA, 
1985). 
The most commonly used oxidizing scrubbing liquids are chlorine (particularly 
sodium hypochlorite) and potassium permanganate solutions. Hypochlorite scrubbers 
can be expected to remove oxidizable odorous gases when other gas concentrations are 
minimal. Although the removal efficiencies appear high, concentrations of odorous 
components in the exhaust gas may still be above desirable levels, possibly requiring 
additional treatment. Figure 4-7 in EPA (1985) provides a helpful diagram of odorous gas 
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removal efficiency as a function of chlorine concentration at the top of a packed tower 
from the National Research Council (NRC) (1979). Exhaust air from hypochlorite 
scrubbers often has medicinal, chlorine odors which may be objectionable in residential 
areas (US EPA, 1985). 
Table 4.6: Effectiveness of hypochlorite wet scrubbers for removal of several odorous 
gases. Adapted from EPA (1985) from Water Pollution Control Federation (1979). 
Gas Expected Removal Efficiency % 
H2S 98 
Ammonia 98 
S02 95 
Mercaptans 90 
Other oxidizable compounds 70-90 
Multistage scrubber systems are often employed for odor control. The number of 
stages and choice of scrubber liquids depend on the characteristics and intensity of the 
odor, and the effectiveness of the particular chemical additives in the scrubber water. At 
a location experiencing H2S odors, pilot studies were conducted using scrubbing liquids 
containing KMn04 and NaOH. Table 4.6 shows these results (US EPA, 1985). 
As a result of pilot testing with various scrubber liquids, two systems were 
proposed: a two-stage scrubber system using NaOH in the first stage and KMn04 in the 
second stage, and a one-stage scrubber using KMn04 as the scrubbing liquid (Boscak et 
al., 1975). 
Equipment requirements for a wet scrubber system are dependent on the type of 
scrubber used and the scrubber liquid employed, volume and concentration of odorous air, 
and desired removal efficiency. A typical single countercurrent scrubber uses an 
enclosed tower containing packing material such as Raschig rings or Pall rings, a media 
support penum, a scrubber solution distribution system, a mist eliminator, and an exhaust 
fan. Packings include plastic, ceramic, metal, or graphite with shapes ranging from rings, 
spheres, or saddles to porous beds of fibers (NRC, 1979). The scrubbing solution feed 
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loop consists of a chemical solution tank, a metering pump and piping, a recirculation 
pump, and associated piping and valves. Instrumentation and controls are normally 
employed to monitor pressure drop through the tower and to allow addition of make-up 
chemicals to provide consistent quality of the scrubber liquid. Materials of construction 
should be corrosion resistant, although final equipment specifications will depend on 
characteristics of the gas to be treated and selection of a scrubbing liquid. 
Table 4.7: Performance of pilot-scale wet scrubbers using KMn04 and NaOH for H2S 
removal. Adapted from US EPA (1985) from Boscak et al. (1975). 
H2S Cone. (ppm} 
H2S 
Air Flow Retention Scrubbing Removal 
Rate (ft.3/min) Time (s) Liquid In Out (%) 
250.7 2.1 2% KMn04; pH=8.6 150 18 87 
2% KMn04; pH=8.6 
123.6 4.0 after 3 hrs 130 8 94 
2% KMn04; pH=8.6 
123.6 4.0 after 6 hrs 130 30 77 
2% KMn04; pH=8.6 
123.6 4.0 after 9 hrs 180 140 22 
250.7 2.1 2% NaOH; fresh 190 2 99 
448.5 1.2 2% NaOH; fresh 190 4 88 
448.5 1.2 2% NaOH; after 4 hrs 90 80 12 
Design of a wet scrubber system for odor control follows four basic steps: 
1. Define the characteristics and volumes (average and peak) of the gas to be 
treated and the desired effluent characteristics. 
2. Select a scrubbing liquid based on the chemical nature and concentration of the 
odorous compounds to be removed. 
3. Conduct pilot tests to determine design criteria and performance. 
4. Design a full-scale system based on results from pilot tests. 
Full characterization of the contaminated air is an important first step in design. 
Diurnal fluctuations in odor intensity or concentrations of odorous compounds should be 
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recorded continuously, if possible, in order to select peak design values. Fluctuations in 
air volumes should be similarly recorded. Over-ventilation increases total air volume and 
decreases intensity (concentration), which results in increase in the size and cost of the 
system to maintain required efficiency. 
Selection of scrubber liquid(s) is critical in designing an efficient system. It is 
based on the chemical and physical characteristics of the contaminated air. Hypochlorite 
and potassium permanganate have both been used widely for control of odors from 
wastewater treatment plants. Hypochlorite has some advantage because it can be 
generated electrically on-site, precluding the need for chemical handling and storage. 
Potassium permanganate is effective, but scrubbers require additional maintenance to 
remove manganese dioxide (Mn02), a precipitate that coats the packing. Other scrubbing 
solutions that have been used include water, acids, alkalis, ozone, chlorine, chlorine 
dioxide, and sodium bisulfite. Other agents and catalysts have been employed for 
removal of specific contaminants. 
The ratio of liquid to gas flows is an important design consideration, since 
increasing the liquid-gas ratio will reduce the theoretical height of the scrubber (or the 
number of scrubber units). The limiting velocity of the gas is called the flooding velocity, 
which depends on the physical properties of the gas and the tower packing. Usually, the 
optimum gas velocity for contaminant removal is 50-70 % of the flooding velocity (NRC, 
1979). 
The contact area between the gas and liquid is important, since absorption is 
directly proportional to the amount of liquid surface area exposed to the gas stream. One 
method of increasing this area is to introduce the scrubber liquid to the tower through the 
use of high-pressure spray nozzles that generate a fine mist or fog. Spray chambers 
employing high-pressure nozzles can be very effective odor removal devices without the 
need for packing material. Another approach is to select a packing with a high specific 
surface area (area per unit volume). Such factors as increased pressure drop and 
susceptibility to clogging must be taken into account when considering such packings. 
Corrosion prevention is an important consideration in design of a wet scrubber 
system. Usually, thermoplastics and fiber-reinforced thermoplastics are cost-effective 
corrosion resistant materials for small to medium size scrubbers and for most of the 
124 
piping and ductwork. For large units, fiberglass-reinforced plastics, stainless steel, and 
resin-coated mild steel are common construction materials. 
Scrubber water may have to undergo treatment during use or before disposal. For 
example, Mn02 particles in KMn04 scrubbers can clog nozzles and valves, and should be 
removed by filtration or other means if continuous operation is contemplated. If 
operation is intermittent, accumulated sludge should be drained periodically. Scrubber 
water disposal is generally not a problem at a wastewater treatment plant, since the spent 
scrubber water can be introduced back into the wastewater stream at a rate that will not 
upset the processes. 
Design of a wet scrubber system may be complex depending on the intended 
application, characteristics of the gas stream, scrubber liquid used, and design objectives. 
Pilot testing is almost always recommended prior to full-scale design. Equipment 
representatives can be of significant help in determining such design factors as tower 
height, packing materials, and scrubber liquid selection. 
An example of a wet scrubber system application for a municipal treatment plant 
sludge processing operation is at the 100 mgd Southerly Plant in Cleveland, Ohio. This 
facility also handles sludge from the 150 mgd Easterly Plant and uses low pressure 
oxidation (LPO) and vacuum filtration to condition and dewater the sludge. The oxidized 
sludge from the LPO system is discharged into a wet well, where dissolved gases are 
allowed to escape from solution. Air exhausted from this well is burned in a dual fuel 
(gas/oil) fume incinerator at 1400 °F. 
Air from the four LPO decant tanks is exhausted to the odor control system, 
which is a two-stage packed bed scrubber. Chlorine gas is injected directly into the first-
stage scrubber. This scrubber provides the contact media and contact time for the 
chlorine and odorous air. The second-stage scrubber uses water to remove any heavy 
chlorine odor. It was determined that the compound causing the odor was an acid 
aldehyde and treat the chlorine scrubber system removed 39% of this substance. Air 
from the vacuum filter room and vacuum pump exhaust is also treated with a wet 
scrubber, this one using a potassium permanganate scrubbing solution. 
Typical costs for wet scrubber systems for odor control are presented in the table 
below. Note that an inlet H2S concentration of 20 ppm has been assumed. Although H2S 
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concentrations well in excess of this value have been observed, H2S concentrations can 
be expected to fluctuate widely, depending on the size of the building, types of equipment 
housed, characteristics of wastewater or sludge being processed, time of day, and 
scheduling of treatment operations. For purposes of this analysis, an outlet concentration 
of< 1 ppm has been assumed, representing a required removal efficiency of 95%. In 
actual practice, lower outlet concentrations may be required, since 1 ppm is well above 
the odor threshold. 
The scrubber solution considered in Table 4.7 is assumed to be NaOCl and NaOH 
solution with chemical costs being $0.64/lb. for NaOCl and $.20/lb. for NaOH. The 
equipment is assumed to include scrubber tower, packing recirculation pump, fan and 
ductwork, appurtenances and controls, and installation. 
These costs are budget level estimates are accurate to within+ 30%, -20% for a 
typical case. In practice, detailed estimates of capital, operating, and total present worth 
costs should be developed when comparing costs of alternative odor control technology 
for a specific application. In addition, expected performance and reliability should be 
assessed and ranked for each of the various alternatives investigated in order to select the 
most cost-effective and reliable system that will meet the desired objectives. 
Table 4.8: Typical costs for wet scrubbers for odor control in 1984 US$. Adapted from 
US EPA (1985). 
Design Air Flow Capital Costs Annual Chemical Costs 
(gal/min) ($) ($) 
7397 $39,000 $2,000 
73968 $77,000 $19,500 
Fixed Spray Nozzles and Headers (Adapted from US EPA (1998)). Fixed spray 
nozzle and header systems are generally comprised of an extensive piping network with 
multiple valves, booster pumps and controls and a washdown wet well. The spray 
headers and nozzles are generally suspended inside the tanks. This alternative requires 
secondary cleaning operations, typically with water cannons, because of the inefficiency 
of the spray nozzles to clean the entire tank. A dedicated secondary cleaning system 
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must be used in conjunction with this technology, and thereby necessitates an open tank 
concept be incorporated. The tank bottom required for this system slopes steeply 
(approximately 10%) from the sidewalls to a center trough, and the center trough slopes 
at 2-3% toward an effluent trough. Disadvantages associated with this alternative 
include: 
• Significant water consumption during the cleaning operation; 
• The system requires a secondary mode of cleaning (i.e., water cannons); 
• Floatables get caught on the header system; and 
• Excessive sediment and debris can accumulate in areas where nozzles do not 
reach. 
·"ii> 
Figure 4.1: Fixed Spray Header and Nozzle Arrangement. From US EPA (1998). 
Experience has shown that fixed spray headers and nozzles have been somewhat 
effective at some installations but do have some limitations. The Toronto Easterly 
Beaches Phase 1 tank ( 1 million gallons, 3 800 cubic meters) could not be washed all at 
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once because the washdown system demand, both pressure and flowrate, depleted the city 
supply system. Ultimately the tank was washed in quadrants to relieve the strain on the 
city system. 
The Saginaw, Michigan Weiss Street Facility with its 9 .5 million gallons (36, 100 
cubic meters) tank had 6000 ft. (1830 m) of 16 in. (0.41m) diameter pipe with nozzles 
spaced 4 ft. (1.2 m) on-center and 24 water cannons to perform the cleaning operations. 
Since this system was installed, four other tanks have been built by the city and all have 
incorporated tipping flushers as the primary cleaning technology. The cost and 
disadvantages associated with this alternative do not make it a feasible option for this 
installation. A typical spray header and nozzle arrangement is depicted in the figure 
below. Case 18 of US EPA (1998) provides a useful case study of this technology (US 
EPA, 1998). 
Adsorbents: Earth Bed Filter/ Activated Carbon/ Biofilter 
The following discussion is based on an adaptation of US EPA (1985). 
Activated carbon adsorption is a commonly used method for treatment of 
malodorous air. It has been used in wastewater treatment plants as a primary odor control 
system and as a polishing step following other alternatives such as scrubbers. Adsorption 
is the phenomenon whereby molecules adhere to a surface with which they come in 
contact. Activated carbon has a high surface-to-volume ratio; thus, a large surface area is 
available for adsorption in a relatively small volume, saving on space requirements and 
costs. The physical characteristics of activated carbon are shown in the table below (US 
EPA, 1985). The "mean pore diameter" is the micropore volume ( <25 angstrom 
diameter). Macropores (>25 angstrom diameter) are not included in the table. 
Activated carbon adsorbers are used commonly for odor control. The rate of 
adsorption for different constituents or compounds will depend on the nature of the 
constituents or compounds being adsorbed (nonpolar versus polar). It has also been 
found that the removal of odors depends on the concentration of the hydrocarbons in the 
odorous gas. Typically hydrocarbons are adsorbed preferentially before polar 
compounds such as H2S are removed (note activated carbon is nonpolar). Thus, the 
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composition of the odorous gases to be treated must be known if activated carbon is to be 
used effectively. Because the life of a carbon bed is limited, carbon must be regenerated 
or replaced regularly for continued odor removal. To prolong the life of the carbon, two-
stage systems have been used, with the first stage being a wet scrubber followed by 
activated carbon adsorption (Tchobanoglous et al., 2003). 
Typical activated carbon systems for odor control include single-bed adsorbers, 
dual-bed adsorbers where foul air is introduced between the beds. It is then withdrawn 
from above the upper bed and below the lower bed (Tchobanoglous et al., 2003). 
Table 4.9: Physical characteristics of activated carbon for odor control. 
Adapted from EPA (1985). 
Parameter Value 
Surface area, (ft.3/lb.) 15,217,575 
Surface area, (yd. 2/in. 3) 7, 448 - 11 , 7 59 
Pore volume, (in. 3/oz.) 1.14 - 1.91 
Pore volume, (in. 3/in. 3) 0.24 - 0.50 
Mean pore diameter, angstroms 15 - 20 
Surface area, (m2/g) 950 
Surface area, (m2/cm3) 380 -660 
Pore volume, (cm3/g) 0.6 -1 .0 
Pore volume, (cm3/cm3) 0.24 - 0.50 
Due to the nonpolar character of the surface, activated carbon adsorbs organic, 
and some inorganic compounds, in preference to water vapor. The quantity of materials 
adsorbed is partially dependent on the physical and chemical characteristics of the 
compound. In general, organic compounds with molecular weights greater than 45 and 
boiling points over 58 °F will be readily adsorbed. Adsorption of organic compounds is 
relatively nonselective; that is it is not strongly affected by solubility or chemical class of 
the compounds. Under normal conditions, adsorptive capacity of activated carbon can 
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reach 5 - 40% of the weight of the activated carbon, according to Lovett et al. (1975) (US 
EPA, 1985). 
The quantity of material that can be adsorbed in a bed of activated carbon depends on 
the following factors: 
1. Concentration of material in the space around the activated carbon 
2. Total surface area of the activated carbon 
3. Total pore volume 
4. Temperature 
5. Presence of other competing contaminants 
6. Characteristics of the compounds to be adsorbed (molecular weight, boiling point, 
polarity, size, shape) 
7. Polarity of the activated carbon 
8. Relative humidity of vapor stream 
9. Contact time of vapor stream within the activate carbon bed. 
(US EPA, 1985) 
Maximum adsorbing capacity is favored by a high concentration of the substance 
surrounding the activated carbon, large surface areas, freedom from competing 
contaminants, low temperature, and aggregation of the contaminant in large molecules 
that fit and are strongly attached to the receiving sites on the adsorbent (NRC, 1979 and 
US EPA, 1985). 
The non-selectivity of activated carbon has an advantage due to the ability to 
remove complex mixtures of odorous compounds. However, non-selectivity can present 
a disadvantage in that the capacity of the carbon can be exhausted prematurely by the 
adsorption of non-odorous hydrocarbons (US EPA, 1985). 
A pilot study conducted in Sacramento, CA attempted to investigate the possible 
occurrence of this phenomenon in an evaluation activated carbon adsorption for treatment 
of sewer off-gases (Huang et al., 1979). It was found that the useful life of the carbon 
prior to odor breakthrough was 1.5 x 105 to 4 x 104 air volumes per carbon volume, or 
4,420 - 11,800 ft. 3 /lb. of activated carbon. Data indicated greater than 90% removal of 
hydrogen sulfides and total hydrocarbons prior to odor breakthrough. After odor 
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breakthrough, the activated carbon was still removing up to 3 7% of the H2S and 71 % of 
the hydrocarbons (US EPA, 1985). The table below shows these results. 
Table 4.10: Pilot study on sewer odor control using activated carbon at Sacramento, CA. 
Adapted from EPA (1985) from Huang et al. (1979). 
Parameter 
CH4 C02 H2S Total Hydrocarbons Odor Concentration 
(ppm) (%) (ppm) (ppm) (odor units) 
Day 1 
In 265 0.4 1.1 59.1 15 
Out 270 0.3 0.1 2.8 <2 
% Removed 0 0 91 95 
Day 2* 
In 460 0.6 11 531.4 16,700 
Out 440 0.7 7 117 18,800 
% Removed 4 0 36 67 
Day 3* 
In 165 0.2 15 76.1 75 
Out 161 0.2 9.4 52.1 75 
% Removed 2 0 37 32 
Day 4* 
In 41 0.1 <0.1 12.9 66 
Out 50 0.1 <0.1 3.8 75 
% Removed 0 0 0 71 
* Sample taken after odor breakthrouQh. 
Based on data collected, carbon bed life was estimated for hydrocarbon saturation 
and H2S saturation. It was found that the useful life based on hydrocarbon saturation, 
1,200 ft. 3/lb. , was two orders of magnitude lower than for H2S saturation, 141,000 ft.
3/lb. 
However, useful life based on odor breakthrough governs practical design of an activated 
carbon system (Huang et al., 1979). 
An interesting observation in this and other pilot studies was that H2S odor in 
sewer off-gas is altered by antagonistic or inhibiting effects of other substances in the 
exhaust gas such that there is little direct relationship between the actual H2S 
concentration and the odor concentration as measured by an olfactometer. Removal of 
antagonistic or inhibitory hydrocarbons by the activated carbon can result in significantly 
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higher perceived odor concentrations from a given chemical concentration of H2S. This 
has been observed on activated carbon units treating off-gases from headworks and 
primary clarifiers, where the gas odor characteristics can change through the carbon 
column. Thus, odor breakthrough can occur while H2S and hydrocarbons are still being 
removed due to reductions in antagonistic or inhibitory hydrocarbons that can modify the 
odors. The practical result is that useful carbon life based on odor breakthrough may be 
significantly less than if based on hydrocarbon saturation (Huang et al., 1979). 
A special activated carbon impregnated with caustic (NaOH or KOH) is often 
specified for odor control applications in wastewater collection and treatment works. 
H2S is adsorbed on the carbon surface, and reacts to form elemental sulfur and sulfates 
(US EPA, 1985). 
For equipment, thin-bed (about .80 in.) carbon adsorbers can provide a useful 
service life if odor concentrations are low ( <5 ppm) and the effective mass transfer zone 
for adsorption is very short (rapid adsorption kinetics). Thin-bed adsorbers have an 
advantage of low resistance to air flow. Activated carbon is retained between perforated 
metal plates in flat, cylindrical or pleated shapes. Cylindrical canisters are commercially 
available to handle about 25 cfm, while large pleated cells can handle 750 - 1000 cfm, 
and systems comprising aggregates of flatbed components can handle 2000 cfm (NRC, 
1979). 
Deep-bed adsorbers are generally used where odor concentrations greater than 5 
ppm are present, or when on-site carbon regeneration is used. Bed depths range from one 
to six feet. Design capacities range up to 40000 cfm. Experience has shown that a 3-feet 
deep carbon bed offers sufficient depth to provide reliable treatment efficiency without 
causing excessive pressure drop. Relatively little mechanical equipment is required with 
an activated carbon odor control system other than the vessel containing the adsorbent. 
In some cases, contaminated air may be pretreated by using a grease filter and a 
condensing unit, which results in temperature reduction of the air stream and more 
efficient operation. 
A typical activated carbon odor control facility would consist of air pretreatment 
units optional), activated carbon adsorber unit(s), exhaust fan(s), and associated piping 
and ductwork. A typical activated carbon adsorber is shown in Figure 4-8 of EPA (1985). 
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Back-up carbon storage is not normally required. Activated carbon is typically 
regenerated thermally, although special activated carbon, designed for odor control 
applications and impregnated with caustic (NaOH or KOH), can be regenerated 
chemically using a solution of Na OH or KOH. Thermal regeneration using multiple 
hearth furnaces requires removal of the carbon from the adsorption system. However, 
chemical regeneration of Na OH- or KOH-impregnated carbon is conducted in-situ using 
a 50% NaOH solution. Due to its lower cost per unit weight and its ability to dissolve 
more sulfur per unit weight than KOH impregnate, NaOH-impregnated carbon and 
NaOH solution use for regeneration can result in significant savings in operation and 
maintenance costs (US EPA, 1985). 
US EPA (1985) notes that the design of activated carbon adsorbers involves the 
following four fundamental steps: 
1. Characterize the contaminated air (volumes, concentrations of constituents) and 
the desired effluent characteristics. 
2. Select the adsorbent. 
3. Conduct pilot studies to determine expected performance, useful life of carbon, 
design criteria, etc. 
4. Apply pilot data to full-scale design. 
The table below contains estimated costs for activated carbon adsorbers for odor 
control at air flow rates of 1000 cfm and 10000 cfm that use caustic impregnated carbon. 
It is assumed that under continuous operation, H2S concentration at the inlet to the 
adsorber would be 20 ppm average, and at the outlet, less than 1 ppm. In practice, use of 
wet scrubbers may be recommended ahead of the carbon adsorbers for this inlet H2S 
concentration. However, these costs include only those for carbon adsorbers. Costs are 
also provided for carbon adsorbers for an inlet H2S concentration of 1 Oppm (US EPA, 
1985). 
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Table 4.11: Typical costs for activated carbon adsorbers for odor control in 1984 US$. 
Adapted from US EPA (1985). 
Design Air Flow Capital Costs Annual Costs 
(cfm) ($) ($/yr) 
1000 29,800 6,200 
10000 128,000 48,000 
This table is based on carbon prices of $3 .03/lb. for the 1000 cfm system and 
$2.49/lb. for the 10000 cfm system. Regeneration chemical (NaOH) costs are based on a 
price of $0.65/gal. The table takes into consideration capital costs for the adsorber vessel, 
fan, ductwork, appurtenances and controls, and installation. The annual costs include 
initial and replacement carbon plus regeneration chemicals (US EPA, 1985). 
A specially manufactured activated carbon impregnated with NaOH is normally 
specified for H2S removal applications. This carbon can be regenerated within the vessel 
using a 50% NaOH solution. The 1000 cfm system would consist of a single-vessel 
single-bed unit, while the 10000 cfm system would employ two dual bed units (US EPA, 
1985). 
The costs shown above are budget level estimates (+30%, -15%), presented to 
show typical costs of activated carbon adsorbers for odor control. In practice, detailed 
cost estimates would be required for site-specific analysis of alternative odor control 
technologies. 
Portions of the following discussion have been adapted from Tchobanoglous et al. 
(2003). 
Biological Processes for Treatment. The two principal biological processes 
used for the treatment of odorous gases present in the vapor phase are biofilters and 
biotrickling filters (Eweis et al., 1998). Biofilters are packed-bed filters. In open 
biofilters, the gases to be treated move upward through the filter bed. In closed biofilters, 
the gases to be treated are either blown or drawn through the packing material. As the 
odorous gases move though the packing in the biofilters, two processes occur 
simultaneously: sorption (i.e., absorption, adsorption) and bioconversion. Odorous gases 
are absorbed into the moist surface biofilm layer and the surfaces of the biofilters packing 
material. Microorganisms, principally bacteria, actinomycetes, and fungi, attached to the 
134 
packing material, oxidize the absorbed/adsorbed gases and renew the treatment capacity 
of the packing material. Moisture content and temperature are important environmental 
conditions that must be maintained to optimize microorganism activity (Williams and 
Miller, 1992; Yang and Allen, 1994; Eweis et al. , 1998). Although compost biofilters are 
used commonly, one drawback is the large surface area (footprint) required for these 
units (Tchobanoglous et al. , 2003). 
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Figure 4.3: Open bed biofilters (Regents of the University of Minnesota, 2000). 
Biotrickling filters are essentially the same as biofilters with the exception that 
moisture is provided continuously or intermittently by applying (typically spraying) a 
liquid (could be treated effluent from wwtp) over the packing. The liquid is recirculated 
and nutrients are often added. Because water is lost in the gas leaving the filter, makeup 
water must be provided. Similarly, because of the accumulation of salts in the recycled 
water, a blowdown stream is required. Compost is not a suitable packing material for 
biotrickling filters because water will accumulate within the compost, thereby limiting 
the free movement of air within the filter. Typical packing materials include Pall rings 
Raschig rings, lava rock, and granular activated carbon (Eweis et al. , 1998). 
(Tchobanoglous et al. , 2003) 
One example of trickling filter usage is the oxygen injection project for the Delta 
Diab lo Sanitation District 7 A in Antioch, CA. The portion of the project devoted to 
trickling filters focused on the emission of odors that were occasionally generated from 
the four trickling-filter towers. These units are 21 ft. deep and employ modular plastic 
media. Forced draft ventilation by reversible fans was included in the design. Under 
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Figure 4.4: Cedar Rapids WWTP biotrickling filter (Lantec Products, Inc., 2004). 
normal conditions, the trickling filters are naturally ventilated. However, during certain 
times of the year when the temperature differential between the ambient air and the 
wastewater is insufficient to induce a natural draft, the ventilating fans are brought on-
line in an attempt to control odor emissions. Air quality surrounding the plant and pump 
stations in the collection systems is monitored regularly by the State Air Quality 
Regulatory Agency. A planned residential housing development in close proximity to the 
plant may require greater control of odor emissions in the future (Tchobanoglous et al., 
2003). 
With conventional uncovered trickling filters the major issues are how to transfer 
the air containing the odorous compounds to the trickling filter and how to avoid the 
release of untreated odorous compounds to the atmosphere. To control the release of 
odorous compounds, existing trickling filters that are to be used for odor control must be 
covered (Tchobanoglous et al., 2003). 
Considering design for biofilters, important considerations include the type and 
composition of the packing material, facilities for gas distribution, maintenance of 
moisture within the biofilters, and temperature control. Additional information on 
biofilters may be found in van Lith (1989), Allen and Yang (1991, 1992), WEF (1995), 
Eweis et al. (1998), and Devinney et al. (1999). (Tchobanoglous et al., 2003) 
The requirements for the packing used in biofilters are sufficient porosity and 
near-uniform particle size, particles with large surface areas and significant pH buffering 
capacities, and the ability to support a large population of micro flora (WEF, 1995). 
Packing materials used in biofilters include compost, peat, and a variety of synthetic 
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mediums. Although soil and sand have been used in the past, they are less used today 
because of the excessive head loss and clogging problems (Bohn and Bohn, 1988). 
Bulking materials used to maintain the porosity of compost and peat biofilters include 
perlite, Styrofoam pellets wood chips, bark, and a variety of ceramic and plastic materials. 
A typical recipe for a compost biofilters is as follows (Shroeder, 2001 ): 
• Compost= 50% by volume 
• Bulking agent= 50% by volume 
• 1 meq CaC03/g of packing material by weight. 
Optimal physical characteristics of a packing material include a pH between 7 and 8, air-
filled pore space between 70 and 80%, and organic matter content of 35 to 55% 
(Williams and Miller, 1992). 
When compost is used, additional compost must be added periodically to account 
for the loss due to biological conversion. Bed depths of up to 6.0 ft. have been used. 
However, because most of the removal takes place in the first 20% of the bed, the use of 
deeper beds is not recommended (Tchobanoglous et al., 2003). 
An important design feature of a biofilters is the method used to introduce the gas 
to be treated. The most commonly used gas distribution systems include perforated pipes, 
prefabricated underdrain systems, and plenums. Perforated pipes are usually placed in a 
gravel layer below the compost. Perforated pipes can be used in both open bed biofilters 
and open trench type biofilters. Where perforated pipes are used, it is important to size 
the pipe so that it performs as a reservoir and not a manifold to assure uniform 
distribution according to Crites and Tchobanoglous (1998). A variety of prefabricated 
underdrain systems are available which allow for the movement of gas upward through 
the compost bed and allow for collection of drainage. Air plenums are used to equalize 
the air pressure to achieve uniform upward flow though the compost bed. The height of 
air plenums will typically vary from 7.8 in. to 19.7 in. (Tchobanoglous et al., 2003). 
Perhaps the most critical item in the successful operation of a biofilters is to 
maintain the proper moisture within the filter bed. If the moisture content is too low, 
biological activity will be reduced. If the moisture is content is too high, the flow of air 
will be restricted an anaerobic conditions may develop within the bed. Also, biofilters 
tend to dry out unless moisture or humidity is added. The optimal moisture content is 
between about 50 and 65%, defined as follows: 
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Moisture content,%= [mass of water I (mass of water+ mass of dry packing)] * 100 
Moisture can be supplied by adding water to the top of the bed (usually by 
spraying) or by humidifying the incoming gas in a humidification chamber. The relative 
humidity of the gas entering the biofilters should be 100% at the operating temperature of 
the biofilters (Eweis et al., 1998). In biotrickling filters, the liquid application rate is 
typically about 2.46 to 4.10 ft.3 /ft.2*d (Tchobanoglous et al., 2003). 
The operating temperature range for biofilters is between 5 9-113 °F, with the 
optimal range being 77-95 °F. In cold climates, biofilters must be insulated and the 
incoming gas must be heated. Where the incoming gas is warmer, it may have to be 
cooled before being introduced to the biofilters. Operation at higher temperatures (113-
140 °F) is often possible, as long as the temperature remains relatively constant 
(Tchobanoglous et al., 2003). 
The sizing of biofilters is typically based on a consideration for the gas residence 
time in the bed the unit air loading rate, and the constituent elimination capacity. The 
empty bed residence time (EBRT) defines the relationship between the volume of the 
contactor and the volumetric gas flowrate. It is found by dividing the total volume of the 
filter bed contactor by the volumetric flowrate. Surface and volumetric mass loading 
rates are often used to define the operation of bulk media filters. The true residence time 
takes into account the effects of porosity and is defined by multiplying the EBRT by the 
porosity. The elimination capacity is used to compare the performance of different odor 
control systems and is defined as multiplying the volumetric flow rate by the difference 
between the influent and effluent gas concentrations and dividing the product by the total 
volume of the filter bed contactor (Tchobanoglous et al., 2003). 
The residence time for foul air from wastewater treatment facilities is typically 
between 15 and 60 s. Surface loading rates have ranged up to 3 94 ft. 3 /ft. 2*min. for H2S 
concentrations up to 20 mg/L. Constituent elimination rates are determined 
experimentally and are usually reported as a function for the constituent loading rate. An 
essentially linear 1 to 1 constituent elimination rate up to a critical loading rate has been 
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observed for hydrogen sulfide and other odorous compounds. Yang and Allen (1994) 
have reported a linear 1 to 1 elimination rate for H2S, with loading rates for compost 
filters up to a maximum value of about 130 gS/m3*h beyond which the elimination rate 
becomes essentially constant at a rate of 130 g S/m3*h with increased loading. It should 
be noted that H2S is eliminated easily as it passes through a biofilters (Tchobanoglous et 
al., 2003). 
Typical design criteria for biofilters are shown in the table below. Some states 
regulate the design of compost biofilters including loading rates biofilters emission rates, 
odor-sampling procedures, and setbacks from property lines. A typical odor-emission 
limit at the surface of the biofilters is 50 dilutions to threshold (Finn and Spencer, 1997). 
Table 4.12: Typical design factors for biofilters in SI units. US Customary units follow 
in Table 4.13. Adapted from Tchobanoglous et al. (2003) as adapted in part from van 
Lith (1989), Yang and Allen (1994), WEF (1995), and Devinny et al. (1999). 
SI Units 
Type of Biofilter 
Biotrickling 
Item Units Biofilter Filter 
Parts 02 I 
Oxygen concentration parts oxidizable gas 100 100 
Moisture 
Compost filter % 
Synthetic media % 50 - 65 50-65 
Temperature, optimum oc 55 - 65 55-65 
pH Unitless 15 - 35 15- 35 
Porosity % 6-8 6-8 
Gas residence time s 30-60 30 - 60 
Depth of medium m 1 - 1.25 1 - 1.25 
Inlet odorous gas concentration g/m3 0.01 - 0.5 0.01 - 0.5 
Surface loading rate m3/m2*h 10 - 100 10 - 100 
i\lolume loading rate m3/m2*h 10 - 100 10- 100 
Liquid application rate m3/m2*d 0.75 - 1.25 
Elimination rate (capacity) H2S (in g/mj*h 80 - 130 80 - 130 
compost filter) Other odorous gases g/m3*h 20 - 100 20 - 100 
Back pressure, maximum mm of water 50 - 100 50 - 100 
*Loading rates as high as 500 m"/mL*h have been reported, depending on the compound and its 
concentration . 
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Table 4.13: Typical design factors for biofilters in US Customary units . SI units 
preceded in Table 4.12. Adapted from Tchobanoglous et al. (2003) as adapted in part 
from van Lith (1989), Yang and Allen (1994), WEF (1995), and Devinny et al. (1999). 
US Customary Units 
Type of Biofilter 
Biotrickling 
Item Units Biofilter Filter 
Parts 02 / 
Oxygen concentration parts oxidizable gas 100 100 
Moisture 
Compost filter % 
Synthetic media % 50-65 50-65 
Temperature, optimum OF 55-65 55-65 
PH Unitless 59-95 59-95 
Porosity % 6-8 6-8 
Gas residence time s 35-50 35-50 
Depth of medium ft. 3.28 - 4.10 3.28-4.10 
Inlet odorous gas concentration lb./ft. 3 4.14E-6 - 2.07E-4 4.14E-6 - 2.07E-4 
Surface loadinQ rate ft. 3 /ft. 2*h 32.8 - 328.0 32.8 - 328.0 
!Volume loading rate ft. 3 /ft. 2*h 32.8 - 328.0 32.8 - 328.0 
Liquid application rate ft . 3 /ft. 2*d 2.46 - 4.1 
Elimination rate (capacity) 
g/ft.2*h H2S (in compost filter) 0.03 - 0.05 0.03 - 0.05 
Other odorous gases g/ft. 2*h 0.01 - 0.04 0.01 - 0.04 
Back pressure, maximum in. of water 1.97 - 3.94 1.97 - 3.94 
*Loading rates as high as 1640 ft.;;i/ft . .:*h have been reported , depending on the compound and 
its concentration. 
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Conclusion 
This fourth section to the report investigated chemical precipitation and odor 
control technologies. The salts of many metals will react with disulfide to form sulfide 
precipitates, thus preventing H2S release to the atmosphere. Iron salts have proved to be 
particularly useful in this application. The metallic sulfide formed must be highly 
insoluble. Ferrous sulfate and lime, ferric chloride, ferric chloride and lime, and ferric 
sulfate and lime have all been used for this application. Because this requirement cannot 
usually be accomplished with ferrous sulfate, a precipitation chemical often used in the 
past, because of the typically insufficient supply of dissolved oxygen present in 
wastewater, ferric chloride is now more commonly used because it is not as susceptible to 
this problem. 
The potential for odor release from collection systems is known to be high. The 
principal causes of these odors are biological conversion of organic matter containing 
nitrogen and sulfur under anaerobic conditions and the discharge of industrial wastewater 
that may contain odorous compounds that may react in the wastewater to produce 
odorous compounds. 
In general, Tchobanoglous et al. (2003), has identified the following steps to 
pursuing the selection and design of odor-control and treatment facilities: 
1. Determine the characteristics and volumes of the gas to be treated. 
2. Define the exhaust requirements for the treated gas. 
3. Evaluate climatic and atmospheric conditions. 
4. Select one or more odor-control and treatment technologies to be evaluated. 
5. Conduct pilot tests to determine design criteria and performance. 
6. Perform life cycle economic analysis 
Neutralizing spray facilities, chemical scrubbers, and adsorbents may be used 
effectively for odor control. The basic design objective of chemical scrubbers and spray 
facilities is to provide contact between air, water, and chemicals (if used) to provide 
oxidation or entrainment of the odorous compounds. Wet scrubbing is often ideally 
suited for the treatment of large air flows, greater than 2000 cubic feet per minute ( cfm), 
contaminated with low odor threshold compounds. The non-selectivity of activated 
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carbon has an advantage due to the ability to remove complex mixtures of odorous 
compounds. However, non-selectivity can present a disadvantage in that the capacity of 
the carbon can be exhausted prematurely by the adsorption of non-odorous hydrocarbons. 
However, the spraying and scrubbing processes have disadvantages associated with them 
worth considering: 
• Significant water consumption during the cleaning operation; 
• The system requires a secondary mode of cleaning (i.e., water cannons); 
• Floatables get caught on the header system; and 
• Excessive sediment and debris can accumulate in areas where the nozzles do not 
reach. 
• Experience has shown that fixed spray headers and nozzles have been somewhat 
effective at some installations but do have some limitations. 
Regarding adsorbents, the two principal biological processes used for the 
treatment of odorous gases present in the vapor phase are biofilters and biotrickling filters. 
Moisture content and temperature are important environmental conditions that must be 
maintained to optimize microorganism activity. Although compost biofilters are used 
commonly, one drawback is the footprint required for these units. 
Activated carbon adsorption is also a commonly used method for treatment of 
malodorous air. It has been used in wastewater treatment plants as a primary odor control 
system and as a polishing step following other alternatives such as scrubbers. A primary 
advantage of activated carbon is that it has a high surface-to-volume ratio, saving on 
space requirements and cost. Additionally, the carbon may be regenerated instead of 
investing in storage facilities. The non-selectivity of activated carbon has an advantage 
due to the ability to remove complex mixtures of odorous compounds. However, non-
selectivity can present a disadvantage in that the capacity of the carbon can be exhausted 
prematurely by the adsorption of non-odorous hydrocarbons (US EPA, 1985). Typical 
activated carbon systems for odor control include single-bed adsorbers and dual-bed 
adsorbers. 
Although relevant case studies to this fourth section are included, the more in-
depth case studies presented in EPA (1985) and EPA (1998) should also prove helpful. 
A matrix of the technologies in this section is presented for comparison below. 
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Conclusions and Recommendations 
This study has aimed to investigate corrective and preventative measures for 
problematic anaerobic conditions and resulting volatile fatty acid (VF A) production in 
the main inflow interceptor to the wastewater treatment plant of Sioux City, IA. These 
conditions are necessary to remedy and prevent because they are leading to problematic 
filamentous bulking downstream of the wastewater collection system in the wastewater 
treatment plant (wwtp) and odor problems nearby to the wwtp. 
The recommended technology of each section of this report to remedy and 
prevent the problematic anaerobic conditions in the interceptor is included within the 
discussion of each section below. These are: 
• Air injection for improving redox potential (Section I); 
• Chlorine/hypochlorite dosing for selective disinfection (Section II); 
• Occasional high flushing to remove debris deposits (passive tipping flusher or 
flushing gate recommended) (Section III); and 
• Iron salts dosing (ferric chloride recommended) (Section IV). 
Sercombe (1995), Tanaka (1985), Tchobanoglous et al. (2003), US EPA (1985), and 
US EPA (1998) proved to be especially good resources to consult for information on the 
technologies discussed in this report and provided much of the information herein. These 
resources may be found in the references contained in this report and are highly 
recommended for consultation by the parties responsible for choosing and implementing 
technology to remedy and prevent the anaerobic conditions in the interceptor. 
Section I of this report examined the utilization of improving the redox potential in 
the main inflow interceptor to reduce and prevent conditions that favor the problematic 
anaerobic activity in the interceptor. 
Redox potential may be improved by: 
• Air injection, 
• Hydrogen peroxide (H202) dosing, or 
• Nitrate dosing. 
Of these three alternatives, air injection seems to be the most attractive option. 
Air injection aims to reduce or eliminate anaerobic conditions by increasing the dissolved 
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oxygen concentration in the problematic area. It is the most economical option of the 
three to improve redox potential, has the greatest ease of implementation, and is able to 
achieve the most immediate impact. 
Other methods of introducing oxygen to the problematic anaerobic areas of the 
interceptor include increasing the capacity of the sewer to allow a greater surface area of 
the wastewater to be in contact with the atmosphere, installing a ventilation system, or 
increasing the flowrate of the wastewater. However, all of these alternatives have two 
common problems that are significant. They have a high capital cost (and in the case of 
the ventilation system, a high maintenance cost) and may involve a high amount of 
construction and downtime to incorporate them. Therefore, if the option to improve 
redox potential is pursued, air injection is recommended, as discussed in Section I of this 
report. 
However, other oxidants may offer an attractive option. Hydrogen peroxide 
(H20 2) and potassium permanganate (Kmn04) are both easy to dose for redox potential 
improvement in the specific case of the Sioux City wastewater collection system. Both 
are more powerful oxidants than oxygen and hydrogen peroxide also increases the 
oxygen present as it breaks down. The latter is often used especially as an oxidant in 
pumping stations and in long, flat sewers. Despite this specific manner of use, air 
injection may still be the more attractive option because H102 and KMn04 are expensive 
and less commonly available than other chemicals (such as chlorine), and are often 
avoided as a treatment option because of high costs and handling risks. KMn04 requires 
a longer contact time and leaves manganese dioxide precipitates and is the least desirable. 
The redox potential of water can also be increased by adding an oxidant weaker 
than oxygen. Nitrates are often dosed into sewers to increase the redox potential to 
values where VF A and hydrogen sulfide formation does not occur. Nitrates are easier to 
handle as either a solid or a solution. All nitrate compounds are highly soluble and not 
very corrosive, thus eliminating most problems with stronger oxidants. The most 
commonly dosed form is calcium nitrate. In solid form this is usually Ca(N03).4H20. 
High dosages required make this less cost effective than stronger oxidants. The Sioux 
City wwtp has already been improving the redox potential of the wastewater collection 
system by Ca(N03)2 addition on an intermittent basis. 
Section II of this study investigated using selective disinfection to combat and 
prevent the interceptor's anaerobic conditions. 
Methods of selective disinfection include: 
• Chlorine or hypochlorite dosing, 
• Ozonation, and 
• Maintaining a high pH. 
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Although chlorine or hypochlorite dosing is a potential safety hazard to those who 
handle it and although chlorine residuals must be monitored as to not exceed discharge 
limits or disrupt biological activity in the wastewater treatment plant, such dosing appears 
to be the most attractive disinfection option to attack the anaerobic problems in the 
interceptor. This conclusion is made because chlorine/hypochlorite dosing has a 
relatively low cost and it is an established, effective, and commonly used method of 
selective disinfection. Many of the safety concerns with dosing chlorine gas are now 
being avoided by using either sodium or calcium hypochlorite (NaOCl or Ca(OC1)2). 
Chlorine/hypochlorite dosing is the preferred method of selective of disinfection 
over ozone (03) dosing. This is primarily because of the advantages discussed above, 
and the costs of 0 3 generation and dosing technology and its maintenance are high, 
although they are both highly effective means of disinfection. 
Section III of this report provides an overview of the technologies for attached 
bacterial growth removal and pH control. These technologies can be examined in three 
general categories: 
• Occasional flushing to remove debris deposits (passive tipping flusher or flushing 
gate recommended); 
• Mechanical cleaning to remove debris deposits; and 
• Lime/CaC03 sludge/NaOH dosing and alkaline flushing to maintain a pH> 8. 
Of these technologies, occasional flushing via a passive method seems to be most 
effective method to eliminate the anaerobic areas in the interceptor and prevent their 
return and may be the best technology to use of the ones studied in this report. This is 
because the method is very economical (perhaps the most economical alternative of all 
options presented in this report), is simple, may be incorporated with relative ease, will 
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have an immediate effect, and has been shown to save $500,000 on an annual basis over 
conventional cleaning in one application. It will also provide a consistent and ongoing 
preventative for debris deposits and the anaerobic conditions in them with a relatively 
low maintenance cost. 
Occasional flushing is successful at removing debris deposits because it uses a 
wave of water (similar to a dam break) generated by a buildup of water released from a 
technology such as a flushing gate (the "dam") that re-suspends, scours, and transports 
the deposited solids downstream. Tipping flushers or flushing gate technologies are often 
used to serve as the dam for this flushing. A sufficient wave of water to remove the 
deposits has been shown to only require a small amount of water, which may be treated 
effluent from the wwtp. Flushing gate technology is known to be the most effective 
method for flushing large diameter flat depositing sewers. 
If intermittent damming technology is not used, high flushing may be used to 
remove the debris. This method involves much higher flows with much less frequency 
than tipping flushers and flushing gates. If collection systems have not been cleaned for 
more than ten years, two to four high flushes may be required in the first year to disrupt 
the deposits before the high flushing frequency may be reduced to one to two high 
flushes annually. 
Although effective for smaller sewers, mechanical systems, such as rodding, 
balling, poly pigs, and bucket machines, are not designed to be applied to large 
interceptors and are often not as reliable. They also involve a higher cost than tipping 
flushers and flushing gates, are less established, and are often not as reliable. 
Dosing of alkaline chemicals may also may be effective to combat the anaerobic 
conditions in the interceptor. The most commonly used chemical in this case is lime 
(Ca(OH)2). Success has been achieved in using these chemicals in conjunction with 
flushing. However, dosing of these alkaline chemicals to maintain a pH above 8 is 
difficult to refine for a system, may have high annual costs as chemical addition typically 
does, is not able to be performed on a continuous basis because of incrustation 
accumulation and other maintenance issues, and is generally not practical for collection 
systems. Calcium carbonate is a cheaper, if less effective option, due to the low 
solubility of calcium carbonate. However, it is available as a waste product from 
drinking water treatment and adding this as a waste slurry may be an economical 
possibility to be investigated in future. 
Section IV of this report examined chemical precipitation and odor control for 
collection systems. These technologies include: 
• Iron salts dosing (ferric chloride recommended), 
• Neutralizing spray facility, 
• Adsorbents, and 
• Attached biological treatment. 
The Sioux City wwtp has already been adding iron salts into the interceptor. 
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Although none of these technologies presented in Section IV appear to be very 
attractive options because of their high capital and annual chemical costs often both 
exceed $100, 000, most of these alternatives are effective. Iron salts dosing is preferred 
because its feeding systems usually have a lower capital cost than neutralizing spray 
facilities and adsorbent facilities. 
When considering iron salts dosing, ferrous sulfate (FeS04) at one time was the 
most commonly used chemical to form a metallic sulfide precipitate, removing the 
problematic odorous sulfide, especially because its feed systems are simple and relatively 
inexpensive at $25,000. However, ferric chloride is now the preferred chemical to use 
for metallic sulfide precipitation because it is not subject to many of the problems 
associated with ferrous sulfate. The primary problems with ferrous sulfate include the 
fact that lime usually must be added if sufficient alkalinity is not available, which is 
usually the case; its metallic sulfide that it forms to precipitate is often not insoluble 
enough to precipitate, and not enough dissolved oxygen (DO) is usually present in 
wastewater to allow its precipitation reaction to fully occur. Adding sulfate could also 
increase the potential for hydrogen sulfate formation. 
Neutralizing spray or wet scrubbing facilities for the off-gas are also effective, but 
involve high capital and annual costs and some of them require secondary cleaning 
operations with an accompanying open tank, contributing to even higher costs. Because 
of these costs, increased complexity associated with additional secondary cleaning 
operations, other maintenance issues, and high water demand by these facilities, other 
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technologies that are simpler and less expensive discussed in earlier sections of this 
report are preferred. These facilities function by providing contact between air, water, 
and chemicals (if used) to provide oxidation or entrainment of the odorous compounds 
Although effective, adsorbents, which allow odorous gas to adhere to neutralizing 
surfaces, do not appear to be a feasible option in this case because of their high capital 
and annual costs and some of their operational characteristics. Activated carbon, the 
most common adsorbent, is also effective, but is costly. A primary advantage of 
activated carbon is that it has a high surface-to-volume ratio which saves on space 
requirements and cost. Additionally, the carbon may be regenerated although this is also 
expensive. Activated carbon is non-selective, which in some ways is an advantage, may 
also become problematic. The non-selectivity of activated carbon has an advantage due 
to the ability to remove complex mixtures of odorous compounds. However, this non-
selectivity can present a disadvantage in that the capacity of the carbon can be exhausted 
prematurely by the adsorption of non-odorous hydrocarbons. 
Biological treatment systems of off-gas include the many challenges associated 
with maintaining an exact moisture content and temperature for biological organisms in 
biofilters and problems with odors sometimes escaping from adsorbent facilities in 
general. Of course, not needing expensive adsorbents would be a saving in capital cost. 
Removing hydrogen sulfide is, in essence, just treating the symptoms of an 
anaerobic sewer system. Therefore, any of the technologies increasing the redox 
potential, disinfecting or cleaning out the system, are more effective and will eliminate 
hydrogen sulfide formation. 
General Recommendation When choosing the technology to remedy and 
prevent anaerobic conditions in the main inflow interceptor to the Sioux City wwtp, the 
responsible parties should consider long-term control methods that operate reliably. Of 
all of the alternatives discussed in this report, the use of tipping fl ushers or flushing gate 
technology appears to be the most effective, economical, established, immediate, reliable, 
and most consistently performing technology to use to eliminate and prevent the return of 
the anaerobic problems in the interceptor. Regardless of the alternatives pursued, pilot 
testing is recommended to choose and refine the technology used to remedy the anaerobic 
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CHAPTER 4: GENERAL CONCLUSION 
Industrial and municipal wastewater treatment plants (wwtp) enable society and 
the environment to realize the benefits of appropriate treatment of wastewater streams. 
Both types of facilities can face similar challenges when attempting to achieve the most 
efficient and effective treatment possible. Several of these challenges and their solutions 
at an industrial aerobic activated sludge wwtp and a municipal one have been 
investigated by the author and are the focus of this thesis. 
The industrial wwtp studied was that of Warren Frozen Foods' (WFF) (now 
Rheems Foods) manufacturing facility of frozen pasta dinners in Altoona, IA. This wwtp 
suffered from recurring filamentous bulking, foaming, poor settleability, difficult 
thickening, and, in turn, less efficient wastewater treatment and a high solids content in 
the treatment plant's effluent. This treatment plant was an excellent system to study to 
compare the success of corrective measures to improve its treatment because it is 
composed of two parallel two-stage aerobic activated sludge treatment systems. 
Nutrient imbalances due to ammonia blowdown were partially responsible for 
settleability problems and recurring foaming problems in WFF's aeration tanks and 
clarifiers. By recognizing that ammonia blowdown was contributing to these problems, 
and by bypassing this stream around the wwtp and directly into Altoona's treatment 
system, settleability problems were reduced and the foaming problems were virtually 
eliminated. 
Settleability was also enhanced by chlorine dosing that combated the problematic 
filaments. Dosages of 1-4 g Cl/kg biomass/cl was found to yield improvements of 87% 
and 72% in the old and new systems, respectively. 
Thickening was greatly enhanced by reducing filamentous bulking, and in-turn, 
improving settleability. However, the resulting thickening improvements expected were 
not to the extent expected, but the natural properties of the sludge and climactic effects 
seem to have contributed to the thickening difficulties. To improve thickening, oak 
sawdust was found to be the most successful ballast for this particular sludge. A dosage 
of 1-Sg/L could achieve a thickening improvement of up to around 70%. However, it 
could not be used if the sludge were to be ultimately disposed of in livestock feed. 
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Dewatering options were also investigated for the WFF wwtp. The best 
performing system, given the economic constraints that the company faced, was 
determined to be a simple woven disposable bag system. By enabling the facility to 
dewater its sludge in this manner, a significant decrease in operation costs for the wwtp, 
especially in terms of transportation and staffing requirements, could be experienced. 
Additionally, more options for sludge disposal now exist. 
Possible future areas of related work include the investigation of climactic effects 
on the characteristics and performance of aerobic activated sludge wastewater treatment 
plants at food manufacturing plants, particularly those facilities associated with a high 
pasta production. This area of possible study is notable because several of the plant 
characteristics at Warren Frozen Foods (WFF) became unfavorable soon after cold 
weather (below I 0 °C I 50°F) on numerous occasions. Such characteristics included a 
decline in sludge health and settleability issues that included problems with filamentous 
bulking and excessive sludge wasting. A Stage II research after this could focus on 
growing fungi as a valuable byproduct from wastewater treatment. The potential easier 
separation and dewatering of fungi could also benefit WFF. 
Filamentous bulking can cause problems in many wastewater facilities, industrial 
and municipal, alike. Similar to the need to identify the causes and remedy filamentous 
bulking and other problems at the WFF wwtp, the Sioux City wastewater treatment plant 
also had complications that led to filamentous bulking that needed to be treated. The 
primary cause of this bulking at the Sioux City treatment facility was determined to be 
anaerobic areas present in the main inflow interceptor to the plant. This thesis also 
examines these problems and their potential solutions. 
The primary problem investigated in this thesis that faced the Sioux City 
wastewater treatment plant was anaerobic conditions and their subsequent volatile fatty 
acid (VFA) production in the plant's main inflow interceptor. These VF As provided 
favorable conditions downstream for filamentous bacteria to thrive and cause bulking 
problems. Thus, the objective of this particular study was to find a method of eliminating 
and preventing these anaerobic conditions to prevent the production of the VF As and the 
related filamentous bulking. 
159 
Possible solutions investigated were separated into four categories, and similar 
ones were grouped into the same sections. Section I focused on improving the redox 
potential. Redox potential improvement is important to reduce and prevent favorable 
conditions for anaerobic activity in the interceptor. Improvements to redox potential may 
be made by air injection, hydrogen peroxide (H202) dosing, or nitrate dosing. 
Air injection seems to be the best out of these solutions related to redox potential. 
By increasing the dissolved oxygen (DO) in the problematic area, it is able to reduce or 
eliminate anaerobic conditions. This option is the most attractive because it is effective; 
it is the most economical way to improve redox potential; it has the simplest 
implementation; and it is able to achieve the most immediate impact. Other methods of 
increasing the oxygen concentration in the problematic anaerobic areas, such as 
increasing the contact surface area of the wastewater with the atmosphere, increasing the 
flowrate, installing a ventilation system, or the addition of other oxidants such as H20 2, 
potassium permanganate (KMn04), or nitrates are not able to as effectively capture the 
advantages mentioned above. 
Another potential method for fighting the anaerobic conditions in the interceptor 
was to use selective disinfection to kill the anaerobic organisms in the interceptor. Such 
methods include chlorine or hypochlorite dosing, ozonation, and maintaining the pH at a 
high level. 
Of these options, chlorine or hypochlorite dosing appear to be the most effective 
option because these types of dosing are relatively low in cost, and are an established, 
effective, and commonly used method of selective disinfection. Important concerns to 
consider with chlorine or hypochlorite dosing are that the dosing can be a potential safety 
hazard for those who handle it and residuals must be monitored to prevent exceeding 
discharge limits or disrupting biological activity in the wwtp. However, many of these 
safety concerns can be avoided by using sodium hypochlorite (NaOCl) or calcium 
hypochlorite (Ca(OC1)2). Ozonation, although effective, is much more costly than 
chlorine/hypochlorite dosing. Maintaining a high pH to kill the anaerobic bacteria is also 
possible, but difficulty may exist in consistently maintaining this level and it has the 
potential of detrimentally affecting the favorable aerobic bacteria downstream in the 
wwtp. 
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A third category of means to eliminate and prevent the anaerobic conditions 
includes methods to remove attached bacterial growth and controlling the pH. Options in 
this category include occasional flushing to remove debris deposits (by such means as 
with passive tipping flusher or flushing gate technology), mechanical cleaning to remove 
debris deposits, and lime/CaC03 sludge/NaOH dosing and alkaline flushing to maintain a 
pH above 8. 
Occasional flushing with a passive method seems to be useful method to correct 
the anaerobic areas in the interceptor and prevent their return. It uses a buildup of water 
released in a fashion similar to a dam break that removes and transports accumulated 
solids responsible for creating anaerobic areas downstream. Tipping flushers or flushing 
gates provide the buildup of this rush of water. In fact, this option may be the best 
technology to use out of all of the ones examined in this particular chapter of this thesis. 
This method is very economical, perhaps the most of any in this report, is simple, may be 
incorporated with relative ease, will have an immediate effect, and has been shown to 
provide savings of $500,000 on an annual basis over conventional cleaning in one 
application. High flushing may be used in conjunction with these tipping flushers or 
flushing gates to initially remove deposits. Then, the tipping flushers and flushing gates 
can be used to prevent them from accumulating, again. 
Other alternatives in this third category include mechanical systems and alkaline 
chemical dosing. Mechanical systems are not as an attractive option for the 
circumstances in Sioux City's interceptor because they are not design to be applied to 
large interceptors, are often not as reliable, involve a higher cost, and are not as well 
established as occasional flushing. The difficulties associated with alkaline chemicals, 
such as a difficulty associated with maintaining a pH above 8, high annual costs, an 
inability to be performed on a continuous basis, incrustation and other maintenance issues, 
and not being practical for collections systems, make occasional flushing look like a 
much more attractive option to pursue. 
The fourth group of possible solutions includes chemical precipitation and odor 
control. Specific options in this category include iron salts dosing (ferric chloride 
recommended), neutralizing spray facility, adsorbents, and attached biological treatment. 
The Sioux City wwtp has already been adding iron salts to the interceptor. Although 
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most of these alternatives are effective, their high capital and annual chemical costs 
discourage their use. However, the most preferred method of these options is iron salts 
dosing. This tactic is preferred because its feeding systems usually have a lower capital 
cost than neutralizing spray facilities, adsorbent facilities, and attached biological 
treatments. Additionally, such methods often require secondary cleaning. 
When choosing the technology to remedy and prevent anaerobic conditions in the 
main inflow interceptor to the Sioux City wwtp, the responsible parties should consider 
long-term control methods that operate reliably. Of all of the alternatives discussed in 
this report, the use of tipping fl ushers or flushing gate technology appears to be the most 
effective, economical, established, immediate, reliable, and most consistently performing 
technology to use to eliminate and prevent the return of the anaerobic problems in the 
interceptor. Regardless of the alternatives pursued, pilot testing is recommended to 
choose and refine the technology used to remedy the anaerobic conditions and subsequent 
VF As in the main inflow interceptor to the Sioux City wastewater treatment plant. 
Future areas of work could also prove helpful for the Sioux City wwtp. Such 
work envisaged for the wwtp and its collection system includes exploring pretreatment 
alternatives for industrial wastewater streams to reduce their VF A contribution to the 
wwtp, modifying the treatment process of the wwtp if alternatives discussed in this report 
do not achieve the improvements desired or if the industrial pretreatment fails to impact 
the wwtp significantly, and/or pilot scale testing of pretreatment at selected industries. 
This thesis has aimed to investigate solutions to filamentous bulking and other 
problems commonly encountered by industrial and municipal wastewater treatment 
processes and systems. It has provided a discussion of these problems and offered 
suggestions to correct and prevent them with an objective of providing a better 
understanding of these issues. The expectation has been made that this knowledge will 
provide a useful means for society and the environment to realize the benefits of 
successful wastewater treatment in an effective and efficient manner. 
